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This is a set of nine reports and articles that were kindly provided by Dr. Christine A. 
Langton from the Savannah River Site (SRS) to L. J. Jardine LLNL in June 2003. The 
reports discuss cement waste forms and primarily focus on gas generation in cement 
waste forms from alpha particle decays. However other items such as various cement 
compositions, cement product performance test results and some cement process 
parameters are also included. 

This set of documents was put into this Lawrence Livermore National Laboratory 
(LLNL) releasable report for the sole purpose to provide a set of documents to Russian 
technical experts now beginning to study cement waste treatment processes for wastes 
from an excess weapons plutonium MOX fuel fabrication facility. The intent is to provide 
these reports for use at a US RF Experts Technical Meeting on: the Management of 
Wastes from MOX Fuel Fabrication Facilities, in Moscow July 9-1 1,2003. The Russian 
experts should find these reports to be very useful for their technical and economic 
feasibility studies and the supporting R&D activities required to develop acceptable 
waste treatment processes for use in Russia as part of the ongoing Joint US RF Plutonium 
Disposition Activities. 

Once again, this valuable set of reports is due to the efforts of Dr. Christine Langton from 
SRS and not anyone at LLNL. 

L. Jardine 



Listing of Reports and Articles Contained in This Document 

1. Ned E. Bibler, Radiolytic Gas Generation in Concrete Made With Incinerator Ash 
Containing Transuranium Nuclides, Scientific Basis for Nuclear Waste Management, 
Vol. 2 pp. 585-592, book available from: Plenum Publishing Corporation, 1980. 

2. V.W. Schneider and F.W. Ledebrink, Cementation of TRU Waste by a New Process: 
Properties of the Products, Advances in Ceramics: Nuclear Waste Management I, eds. 
Wicks, G.G. and Ross, W.A., pp. 394-400, American Ceramic Society, 1984. 

3. Ned E. Bibler, Gas Production From Alpha Radiolysis of Concrete Containing TRU 
Incinerator Ash, Progress Report 4, September 1, 1979-August 3 1, 1980, Publication 
Date: March 1981 (DPST-80-150-2) 

4. David B. Barber, Gas Generation in Magnesium-Phosphate Cement Solids Incorporating 
Plutonium-Containing Ash Residue, Proceedings of the International Conference on 
Decommissioning and Decontamination and on Nuclear and Hazardous Waste 
Management Volume 1 ,pp. 458-466, September 13-18, 1998, Denver, Colorado, 
Published by: The American Nuclear Society, Inc. 

5. Ned E. Bibler and Errol G. Orebaugh, Radiolytic Gas Production From Tritiated Waste 
Forms Gamma and Alpha Radiolysis Studies, Publication Date: 1977 (DP-1459). 

6. Ned E. Bibler, Radiolytic Gas Production During Long-Term Storage of Nuclear Wastes, 
28* Southeastern Regional Meeting of the American Chemical Society, Gatlinburg, 
Tennessee, on October 27-29, 1976 (DP-MS-76-5 1). 

7. J.A. Stone, Evaluation of Concrete as a Matrix For Solidification of Savannah River 
Planet Waste, Publication Date: June 1977 (DP-1448). 

8. B.L. Anderson, M.K. Sheaffer, L.E. Fischer, Hydrogen Generation in TRU Waste 
Transportation Packages, Date Published: May 2000 (UCRL-ID- 13 852). 

9. Christine A. Langton, Russian Grouting Experience (U), Report Date: May 13,2002, 
(WSRC-TR-2002-00235, Revision 0) [V.A. Starchenko, NI. Alexandrov and V.P. Popik, 
The Review of the Russian Experience on Inorganic Binders for Waste Treatment and 
Tank Closures] 



Reprinted from: 

SCIENTIFIC BASIS FOR NUCLEAR WASTE MANAGDlENT, Vol. 2 (1980) 
Edited by Clyde J.M. Northrup, Jr. 
Book available from: Plenum Publishing Corporation 
233 Spring Street, New York, N.Y. 10013 

RADIOLYTIC GAS GENERATION I N  CONCRETE MADE WITH 

INCINERATOR ASH CONTAINING TRANSURANIUM NUCLIDES* 

Ned. E .  Bib le r  

Savannah R i v e r  Laboratory 
E .  I. du Pont de Nemours and Company 
Aiken, South Caro l ina  29801 

ABSTRACT 

The e f f e c t s  of  va r ious  f a c t o r s  on H2.generat ion by a lpha  
r a d i o l y s i s  o f  conc re t e  con ta in ing  TRU i n c i n e r a t o r  ash were s t u d i e d .  
Methods fo r  reducing  H gene ra t ion  were i n v e s t i g a t e d .  Samples of 
por t land  and high-alumina cement 
ash  ( d r y  b a s i s )  were doped with 2'8Pu02. Gas p re s su res  w e r e  
measured a s  a func t ion  o f  r a d i a t i o n  dose ;  gas  compositions were 
determined.  Gas y i e l d s  were c a l c u l a t e d  i n  terms of  G va lues  
(molecules produced p e r  100 e V  o f  a lpha  energy absorbed) .  These 
y i e l d s  were used t o  e s t i m a t e  p re s su res  i i r  con ta ine r s  of r a d i o a c t i v e  
conc re t e  waste du r ing  s t o r a g e .  

2 n t a i n i n g  up t o  30% ca lc ined  

INTRODUCTION 

The a c t i o n  of  a, 6, or Y r a d i a t i o n  of water produces hydrogen 
g a s ( 1 ) .  Thus, n u c l e a r  waste forms, such a s  concre te ,  t h a t  c o n t a i n  
H 0 can  produce H2. 
0% s t o r a g e  c o n t a i n e r s ,  o r  t o  t h e  producti.on o f  flammable o r  explo- 
s ive  gaseous mix tu res .  

P o t e n t i a l l y ,  t h i s  can lead t o  p r e s s u r i z a t i o n  

This  paper summarizes r e s u l t s  of  an ex tens ive  i n v e s t i g a t i o n  (2) 
t o  e s t ima te  t h e  r a t e  of r a d i o l y t i c a l l y  generated H2 e v o l u t i o n  from 
conc re t e  con ta in ing  t ransuranium (TRU) waste.  Other s t u d i e s  showed 
t h a t  6oCo-Y and 3H-B r a d i o l y s i s  of conc re t e  a l s o  produce HZ (3 -5) .  

*Work done under USDOE Contract  No. AT(07-2)-1. 
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The gas pressures generated during Y radiolysis of concrete 
reaches a low equilibrium value because of a back reaction between 
OH radicals and H . 
concrete showed ttat an equilibrium pressure was not attained at 
H2 pressures up to 1.1 MPa indicating considerable Hp accumula- 
tion in the container. h e  present study was initiated to estimate 
the radiolytic rate of gas production from concrete TRU incinerator 
ash during long term storage in the Waste Isolation Pilot Plant in 
New Mexico (6). The effects of various factors on this rate, along 
with methods to reduce it, were investigated. 

Earlier studies (3,s) of alpha radiolysis of 

EXPERIMENTAL PROCEDURE 

Simulated TRU incinerator ash was prepared by calcining at 
8OO0C the ash from impartial incineration of typical combustible 
laboratory wastes y c h  as tissues or polyethylene tubing. 
components of the ash were Ca (added as heat retardant to the plas- 
tics) and Ti (added as whitener). Carbon content of the calcined 
ash was nominally <1%. 

Principal 

Mixtures of 70 wt % cement [Portland Type I (P-1) or high- 
alumina (HAC)] an! 30 wt % ash (dry basis) were prepared with a 
known amount of 8Pu02. After thorough mixing, sufficient water 
was added to give a workable paste 
which was then poured into a cylindrical steel mold (10 cm x 2 cm 
O . D . ) .  After curing 5 to 30 days at ambient conditions, the final 
composition of the specimens (total weight = 60 g) was nominally 
50 wt % cem nt, 20 ut % ash, and 30 wt % water containing 0.1 to 
1.0 ci of 258 Pu. In the presence of air, the\specimen was sealed 
to a pressure transducer and the pressure increase recorded. After 
a known time, the gas was sampled and its composition determined by 
gas chromatography. C values (molecules produced/100 eV ofaenergy 
absorbed) were calculated from both the final gas composition and 
from the rate of pressure increase using the idea gas law, the 
void volume in the container, and the amount of 

(inltial water/cement = 0.8) 

f 8Pu present. 
GAS YIELDS 

--. 

Typical pressure increases for three concretes are shown in 
1. Sample P-1 and HAC-1 contained simulated ash doped with 
, and sample HAC-2 con ned ash prepared from incineration 

of waste contaminated with a ‘“Pu solution. Thus, HAC-2 resembled 
more closely an actual waste form. These three samples were cured 
unsealed at ambient conditions for approximately a month. When non- 
radioactive concretes were sealed to the transducer, no pressure was 
produced, confirming that radiolysis caused the pressure increases. 
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Fig .  1. P res su re  I n c r e a s e  from Rad l y s i s  of Po r t l and  
o r  High Alumina Concrete Containing 2j8Pu 

The s lopes  of t h e  t h r e e  l i n e s  i n  Fig. 1. d i f f e r  because of  
d i f f e r e n c e s  i n  t h e  G va lues  and dose rates f o r  t h e  t h r e e  conc re t e s .  
G(H2) and G(02) va lues  were c a l c u l a t e d  from t h e  changes in t h e  
p a r t i a l  p re s su res  of H2 and O2 dur ing  t h e  test. 
o f  N2 w a s  unchanged by r a d i o l y s i s .  
a l l  gaseous molecules and was c a l c u l a t e d  from t h e  s l o p e s  of  t h e  
l i n e s .  Within exper imenta l  e r r o r ,  G(H2) + G ( 0 2 )  = G ( to t a l )  as 
expected i f  i f  t h e  N2 p r e s s u r e  is  unchanged. 
metric amount of 0 
being less than  0.3 (Fig. 1). This  a g r e e s  wi th  t h e  a r a d i o l y s i s  of  
l i q u i d  water where G ( 0  ) /G(H2) is only  0.13 (7) .  
not  being produced w i t g  PAC-2 a t  t h i s  t ime 16 unknown. 
s to i ch iomet r i c  amount of O2 being formed i n d i c a t e s  that  s o m e  o t h e r  
ox ida t ion  product of water is  being formed. 
i t  is  i n  l i q u i d  water. Another s tudy  showed evidence of t h i s  s p e c i e s  
i n  Y i r r a d i a t e d  conc re t e  (3) .  

The p a r t i a l  p r e s s u r e  
G ( to t a l )  is t h e  100-eV y i e l d  of 

Less than  a s to i ch io -  
w a s  formed, an  i n d i c a t e d  by t h e  r a t io  G(02) /G(H2)  

The r eason  for O2 
Less than  a 

Perhaps t h i s  i s  H202 as 
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Dose rates f o r  t h e  tests shown i n  Fig. 1. were nominally 1017 
e V /  (min) (gram of  c o n c r e t e ) ,  w i th  HAC-2 having  t h e  lowest rate. 
T h i s  dose rate is about  1000 times l a r g e r  t h a n  t h a t  expected i n  , 
a c t u a l  waste. For example, t h e  do r a t e  i n  a 210-11 e r -d rum 90% 
f u l l  o f  c o n c r e t e  c o n t a i n i n g  200 g '"Pu is o n l y  4x101t eV/(min) 
(gram of  conc re t e ) .  I f  H is formed as i t  is i n  l i q u i d  water  (recom- 
b i n a t i o n  of H atoms o r  hy2ra ted  e l e c t r o n s ) ,  no change i n  G(H2) at '  , 
lower  dose r a t e s  is pred ic t ed  and none w a s  observed over  dose r a t e s , .  
o f  10l6 t o  1017 e V /  (min) (gram of  conc re t e ) .  Over t h e  range 23 t o  
100°C, G(H2) is independent  of tempera ture  f o r  conc re t e s  containing,  
t h e  same amount of water. This  a g r e e s  wi th  t h e  r a d i o l y s i s  of l i q u i d  6 

H20 where G ( H 2 )  i s  no t  s i g n i f i c a n t l y  a f f e c t e d  by temperature  (1). ' * 

. 

REDUCTION OF G(H2) 

Lower raFes o f  H2 product ion  would be d e s i r a b l e  both f o r  s h o r t  
and long  term c o n s i d e r a t i o n s .  
G(H2) :  1) a d d i t i o n  of  H atom scavengers  t o  c o n c r e t e ,  2) removal of 
H 2 0  by h e a t i n g  c o n c r e t e  o r  u s ing  pressed  conc re t e .  
would be e f f e c t i v e  over  t h e  long  term o n l y  i f  wa te r  were excluded 
from t h e  c o n c r e t e  du r ing  s t o r a g e .  The b e s t  H atom scavengers  f o r  
r educ ing  G(H ) were NO; and NO;. 
NaN03 and Na&02 t o  t h e  water used t o  make t h e  concre te .  Maximum 
c o n c e n t r a t i o n s  of  t h e s e  i o n s  i n  t h e  s o l u t i o n s  were 6M f o r  NO- and 
5M f o r  NO;. 
w a s  reduced t o  0.053. 

Two methods were found t o  reduce 

The la t ter  method 

These w e r e  supp l i ed  by adding 

G(H2) w i t h  NO3 w a s  reduced t o  0.03. G(H2) wi th  $0; 

R a d i o l y s i s  caused O2 product ion  i n  t h e  presence  o f  NO; (6-0.37) 
and O2 consumption i n  t h e  presence  o f  N O > ( G  = -0.08). Also, when 
NO; was p r e s e n t ,  a s l i g h t  amount o f  N20 was produced [G(N 0) = 0.041 
i n d i c a t i n g  r e d u c t i o n  o f  t h e  NO?. R e l a t i v e  dec reases  i n  G t H 2 )  upon 
a d d i t i o n  of NO; o r  NO2 i o n s  are shown i n  Fig.  2. The d a t a  f o r  NO; 
i o n s  fo l low t h e  t r e n d  shown by t h e  s o l i d  l i n e  which d e p i c t s  t h e  
e f f e c t  of t hebe  i o n s  i n  t h e y r a d i o l y s i s  of  l i q u i d  water (7). This  
s i m i l a r i t y  i n d i c a t e s  t h a t  t h e s e  i o n s  are r e a c t i n g  as they  do i n  
l i q u i d  water .  
mat ion f r o m a r a d i o l y s i s  o f  c o n c r e t e  may be i d e n t i c a l  t o  t h a t  f o r  
l i q u i d  water. 
l i q u i d  water h a s  n o t  been determined.  

F u r t h e r ,  t h i s  sugges t s  t h a t  the r e a c t i o n  f o r  H2 for -  

The e f f e c t  o f  NO? i o n s  on G(H2) from a r a d i o l y s i s  of 

One method of o b t a i n i n g  a conc re t e  wi th  low water conten t  is t o  
This c o n c r e t e  is prepared by p res s ing  a p repa re  a p res sed  conc re t e .  

cement-ash p e l l e t  c o n t a i n i n g  ve ry  l i t t l e  water (about 2 w t  X ) ,  a t  173 
MPa (8). Gas p roduc t ion  from t h r e e  r e s sed  c o n c r e t e s  con ta in ing  
p o r t l a n d  Type I cement doped wi th  23'Pu02 w a s  measured. Two con- 
cretes con ta ined  s imula ted  TRU i n c i n e r a t o r  a sh .  The t h i r d  con ta ined  
bone c h a r  (a material f o r  absorb ing  Pu from waste streams). G(H ) 
v a l u e s  measured from t h e  amount of  % produced were 0.009 and 0.605 
f o r  t h e  c o n c r e t e s  con ta in ing  a s h  and 0.003 f o r  t h e  one con ta in ing  
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- E f f e c t  of  NO; in liquid HtO 
- 0 NO; i n  concrete 
0 140; i n  concrete 

1 .o 2 . 0  

NO; or  NO; Concentration. in water ( t o  makc concrete) 

Fig.  2 .  
Addit ion of NO5 o r  NO; Ions 

Lowering of G ( H 2 )  i n  a Radio lys i s  of Concrete  by 

bone char .  P re s su re  i n c r e a s e s  were i n s u f f i c i e n t  t o  c a l c u l a t e  v a l u e s  
f o r  G(tota1)  because of t h e  r e l a t i v e  l a r g e  void  volumes of t h e  con- 
t a i n e r s .  To determine t h e  consequence of t h i s  type of c o n c r e t e  
becoming wet, p re s su re  measurements were made whi le  a pressed  con- 
crete conta in ing  a s h  was submerged i n  water .  G(H ) i n c r e a s e d  t o  
0.13. O2 was produced [G(02 )  = 0.031 and , ( t o t a l $  w a s  0.16. Weight 
measurements i n d i c a t e d  t h a t  t h e  sample had sorbed 16 w t  X H20. 
C l e a r l y ,  t o  r e t a i n  t h e  low ra te  of H2 p roduct ion ,  water must be 
excluded from t h e  conc re t e  du r ing  s t o r a g e .  

Another method of reducing  t h e  water c o n t e n t  is t o  h e a t  t h e  con- 
crete t o  remove f r e e  water a f t e r  t h e  c o n c r e t e  has  cured  f o r  a s u f f i -  
c i e n t  time. Most of t h e  H20 i n  conc re t e  i s  added t o  ach ieve  a work- 
a b l e  pas t e  t h a t  can  be poured o r  cast r a t h e r  t han  t o  cause  t h e  hydra- 
t i o n  r e a c t i o n s  t h a t  g i v e  c o n c r e t e  i t s  s t r e n g t h  (9 ) .  The d r a s t i c  re- 
duc t ion  i n  t h e  p r e s s u r i z a t i o n  rate caused by p r i o r  h e a t i n g  a t  200°C 
t o  remove H 2 0  i s  shown i n  Fig.  3.  Heat ing a t  90°C d i d  reduce  t h e  G 
va lues ,  but no t  as s i g n i f i c a n t l y  as h e a t i n g  a t  200°C. The c o n c r e t e  
used t o  o b t a i n  t h e  r e s u l t s  i n  F ig .  3. has  been cured a t  room tempera- 
t u r e  i n  a moist  environment f o r  36 days  be fo re  i t  was hea ted  and t h u s  
had a t t a i n e d  a t  l e a s t  70% of i t s  f i n a l  s t r e n g t h .  It w a s  d r i e d  by 
hea t ing  i n  an oven i n  t h e  steel c y l i n d e r  i n t o  which it w a s  cast. A t  
90°C, the  sample  showed a cont inuous  weight  loss as long  as i t  w a s  
heated (34 h r ) .  A t  2OO0C weight  loss had ceased a f t e r  16 hours  of  
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Fig. 3. P r e s s u r e  from Alpha Rad io lys i s  of a Previous ly  Heated 
Por t l and  Concrete  Waste Form 

hea t ing .  I n  both tests, t h e  tempera ture  of t h e  conc re t e  had r e tu rned  
t o  ambient be fo re  t h e  sample w a s  s ea l ed  t o  t h e  t ransducer .  

A very  low v a l u e  f o r  G(H2) w a s  ob ta ined  f o r  t h e  conc re t e  t h a t  
has ,  been heated t o  200°C. 
o t h e r  conc re t e s  a f t e r  t hey  had been hea ted  a t  200°C. 
(Fig.  1.) and f o r  a pressed  c o n c r e t e ,  G(H2)  va lues  of-5x10- 
~ x I O - ~ ,  r e s p e c t i v e l y ,  were ob ta ined .  
samples a l s o  decreased  when t h e y  were sea l ed  t o  p re s su re  t r ansduce r s .  
A p r e s s u r e  dec rease  was a l s o  observed a f t e r  a nonradioac t ive  conc re t e  
a f t e r  i t  has  been hea ted  t o  200°C. 

Low G(H2) v a l u e s  w e r e  a l s o  found f o r  
For  Hf2-2 

and 
The p res su re  above t h e s e  

The r e s u l t s  i n  F ig .  3. i n d i c a t e  t h a t  t h e  water d r i v e n  o f f  
c o n c r e t e  a t  tempera tures  below 2OO0C is r a d i o l y t i c a l l y  reduced more 
e a s i l y  than  t h e  remaining water .  The remaining water is  probably 
involved  i n  t h e  hydra t ion  r e a c t i o n s  t h a t  g i v e  t h e  conc re t e  i t s  
s t r e n g t h .  When water  w a s  a g a i n  added t o  t h e  conc re t e  used t o  o b t a i n  

1 '  

f' 

4 
i 

I , 
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t h e  d a t a  i n  Fig.  3 . ,  G(H ) and G(02)  i nc reased  t o  nea r ly  t h e i r  
o r i g i n a l  va lues ,  0.34 a n 8  0.18, r e s p e c t i v e l y .  

RADIOLYTIC PRESSURES IN STORAGE CONTAINERS 

The above G va lues  can  be used t o  c a l c u l a t e  p re s su res  gene ra t ed  
by r a d i o l y s i s  i n  a s t o r a g e  c o n t a i n e r  of conc re t e  con ta in ing  TRU 
waste .  
is: 

The equa t ion  f o r  a c o n c r e t e  con ta in ing  s e v e r a l  TRU i o s t o p e s  

‘ X i t  
[1.2 x loL8 a / (yea r ) (C l ) ]  [ G ( t o t a l ) ]  RT C l l E l ( l - e  ) 

x i  P =  c 
100 Nv 1 

where C i i ,  El,  and X i  are t h e  number of c u r i e s ,  t h e  a energy,  and 
t h e  a decay c o n s t a n t ,  r e s p e c t i v e l y  of  t h e  1-th i so tope .  P r e s s u r e s  
f o r  H2 and O2 can  a l s o  be  c a l c u l a t e d  us ing  G(€12) or G(02).  R e s u l t s  
f o r  H2 g e n e r a t i o n  i n  a 2 1 0 - l i t e  
p o r o s i t y )  c o n t a i n i n g  200 g of  259Pu are shown f o r  va r ious  v a l u e s  of 
G(H2) i n  Fig.  4. 
w a s  no t  a f f e c t e d  by t h e  H2 p r e s s u r e  and t h a t  a slow thermal  recom- 
b i n a t i o n  r e a c t i o n  of HZ and O2 w a s  no t  occu r r ing  over  t h e  long  
s t o r a g e  t imes.  
i s  not  s i g n i f i c a n t l y  a f f e c t e d  by H2 p r e s s u r e s  up t o  1.1 MPa (3) .  
Also,  no evidence  €or a thermal ly  induced recombination r e a c t i o n  has  
been observed a t  t h e  u dose rates used t h u s  f a r .  

c o n t a i n e r  90% f u l l  of c o n c r e t e  (10% 

The l i n e s  were c a l c u l a t e d  by assuming t h e  G(H2) 

A p rev ious  a - r a d i o l y s i s  test  has shown t h a t  G(H2) 

I I I I 1 1 

E 
n 
n 
I 

/ NO; Mded -I 

IO IO’ 
Time After  Sealing. years 

Fig .  4. 
Conta iner  90% f u l l  of Po r t l and  Concre te  and 200 g 23’Pu 

Ca lcu la t ed  R a d i o l y t i c  H2 P res su re  i n  a 210- i t e r  
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The e f f e c t  of adding NO- t o  t h e  conc re t e  o r  of d ry ing  t h e  con- 
crete is c l e a r l y  e v i d e n t  i n  6 ig .  4. 
e r a b l e  Il2 p r e s s u r e s  can be gene ra t ed  a f t e r  i n t e rmed ia t e  s t o r a g e  
times. Also,  wi th  t h e  u n t r e a t e d  conc re t e ,  a flammable mixture  
(4% H2 i n  a i r )  can  be p re sen t  a f t  r only  about  40 days.  
Crete d r i e d  a t  200°C more than  10 yea r  ou ld  be necessary  t o  
gene ra t e  a flammable mixture .  I f  less n3FPu i s  presen t ,  longer '  , 
times would be necessary .  

With u n t r e a t e d  c o n c r e t e ,  consid-  
, 

With con-' 4 
, 

r 

4 
CONCLUSIONS i 

' .  
H2 and O2 w i l l  be produced by a r a d i o l y s i s  dur ing  s t o r a g e  of ' 

c a n i s t e r s  of po r t l and  o r  h igh  alumina conc re t e  con ta in ing  TRU waste. 
The r a t e  of H2 product ion  can  be decreased by adding NOj o r  NO2 i o n s  
t o  t h e  conc re t e  o r  by d ry ing  t h e  concre te .  NO; a d d i t i o n  i n c r e a s e s  
O2 product iQn whi l e  NO; a d d i t i o n  dec reases  O2 product ion.  
a t  200°C rehces t h e  rate of H2 product ion  by a f a c t o r  of approxi- 
mately 2000 whi le  reducing  t h e  water  con ten t  by a f a c t o r  of o n l y  5. 
I f  H20 is a g a i n  added t o  t h e  conc re t e ,  t h e  gas  product ion  r a t e s  
r e t u r n  t o  n e a r l y  t h e i r  o r i g i n a l  va lues .  

Drying 
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Cementation of TRU waste by a new 
process: Properties of the products 

VOMER W. SCHNEIDER AND FRIEDRICH W. LEDEBRINK 
ALKEM GmbH 
Hanau, West Germany 

w 

The background for selection of a process to solidify the waste arising from 
fabrication of MOX fuel is provided. Cement has many advantages as a  ma^ 
TRU waste. Improvements of the cementation process make it possible to 
all types of waste in only one product. A process description is followed by a 
presentation of the product and its properties. Finally, properties are OuniW 
may be subjed to quality control. 

During plutonium _mixed s i d e  (MOX) fuel fabrication a small, but UaVoi&&, 
amount of a-bearing [transuranic (TRU)] waste is formed. The second I& 
Fig. 1 categorizes 4 main classes of waste according to source and nature. 
are wastes arising in the glove boxes which are caused by operation steps (solid box 
waste) or replacement of equipment (retired equipment); others arc gencmcd by 
the processes themselves as filtrates from conversion or liquids from analytid 
procedures (liquid box waste). Waste from outside the glove box but inside & 
working area (“mom waste”) is suspected of being contaminated and theRfm 
handled as active waste, although it is usually free from plutonium. It is worthwhile 
keeping this waste separate from the box waste. 

Before fhese wastes can be disposed of, they have to be treated to meet legd 
requirements set up by licensed authorities and the operators of the disposal si&. 

When selecting an appropriate process which had to fulfill those requirtmen& 
as well as to meet the needs of a w e d  gxide fuel fabrication plant (MOFFF’), we 
had to bear in mind a number of conditions. The process chosen should be ear). 
to operate, with a few process steps and high reliability. The process should be 
capable of handling all of the different waste streams shown in the second lioe of 
Fig. 1. According to German regulations, all the wastes should be solidified. 
Currently, all TRU waste is buried in deep geological repositories in the Fedenl 
Republic of Germany. No shallow land burial is planned. Therefore, thee is no 
incentive to separate primary wastes into categories according to a activity. 

Process selection 
Many different methods for immobilization of wastes have been suggested to 

date. Ross et al.’ have recently summarized the major advantages and disadvaa- 
tages of a number of immobilization systems. They concluded that “each system 
has its own inherent considerations. An evaluation of these considerations suggests 
the implementation of a cement or glass system.” 

The various processing techniques to immobilize wastes by cement are simple 
to use, less costly compared to other processes, and based on a large amount of 
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I TREATMENT I 

---I--- 

Zg, 1. Scheme for treatment of TRU waste arising from the fabrication of 
VOX fuel. 

I 

;onvcntional experience. Operations are generally carried out at low temperature 
thus avoid the risks of fire. 
During its solidification and during its contacts with water, cement provides 

&dine environment. This offers an additional advantage, because plutonium 
is not present as insoluble PuG forms the very insoluble Pu(OH),. It is 

.herefore understandable that the leach rates for plutonium immobilized in cement 
reported to be very low.'*2 We have therefore considered ways that the four 

streams shown in Fig. 1 could be combined and solidified by a simple 
;ementation process. 

As about 50% of the solid glove-box waste is combustible, incineration is 
often suggested for volume reduction. However, with the high percentage of PVC 

neoprene in this waste, a large volume of contaminated secondary wastes 
,sac1 from off-gas scrubbing) is produced along with the ash. If these secondary 

N interest. I 
On the other hand, we knew that while others had found materials such as 

gloves and plastic foils unstable and heterogeneous when solidified in cement, 
we overcame this difficulty by shredding all the soft material to particles <5 mm 
m diameter. 

Process description ' 

The wastes are segregated according to nature and composition upon entering 
he waste facility. Wastes worthwhile of Pu recovery (about 20%) fmt undergo 
washing processes3 and are then fed into the main streams of solid box waste and 
retired equipment. The soft materials of these streams are sent to a shredder 
;conventional type adapted for glove-box use) which cuts about 80 kg/h of waste 

sates cannot be disp6sed of in a more simplified way, the process loses much of W 

, 
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into particles < 5 - m  diameter. The shredded material is pneumatlculy m s l e m  
to a cyclone above the cement blender, where the waste can be homogenized, 

h e  cementation unit (a conventional, continuously working m c w  f- 
h e  s m d c d  soft waste is blended with cement and the liquid waste type). 

which has been treated for PU CCCOVery bef0E. The flow Of d l  thret 
be regulated separately, thus meeting the p r o ~ c ~ s  parametem. This P ~ S  control 
is part of the quality assurance of the product. 

This blend of cement liquid and solid (soft) Waste is poured d i d y  into a 
0.21-~3 (55-gd) drum over the pieces of hard solid waste. 

Cement 
Liquid waste containing sodium nitrate 

20 
40' Soft solid waste 

Hard solid Waste 
.- 

60 

87 
32 
10 
6 Porosity, 3% 

Final cement produd 400 200 

Properties of the package and cement product 
The properties needed for safe disposal of the waste are different, dependin! 

on whether the repository is open and being operated or whether the repositor 
is closed. In the case of a c l o d  deep geologic repository the geology wil 
provide the final and most important barrier so that additional engineere, 
barriers around the TRU waste will not reduce any leak of activity very much. SUC 
barriers therefore have their importance mainly for the operations before closin - .~ 

the repository. 
Some of the properties are expected to show a dependence on the compitic 

of the conditioned waste. We therefore carefully investigated the dependence of tl 
properties of our product on the type of cement and the proportions of t t i e - d i i ~  
components. This allowed us to optimize the product and also have a bro: 
understanding about the reliability of the process. It turns out that the properti 
of the package and cement product as reported below are not limited to the figur 
in Table I but represent a wide range of composition. This provides sufficient toc 
for process deviations and normal waste composition variations. 
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e dow rate and surface contamlnatlon 
me surface dose rate Sv/h (<IO mmnlh]) will be far below the 
S d  threshold value (2X lo-' Sv/h). Also, the limit of the surfact con- 

@"ation required can be met. The mild stet1 drums arc protected against corn>- 
@by an epoxy rain coating of l s p m  thickness and llct themfort expected to 
u@ undamaged for an intermediate storage time of several decades. The epoxy $ coating also allows the drums to be easily decontaminated. 
canpnufve rnngth 

fie compressive strength was studied as a function of the portion of soft waste 
product and the waterkement ratio. As a result it can be stated that the 

; much higher than the present minimum need. The stocking of the filled drums 
riro has to be considered in this connection. 
&sir gat generatlon 

n i s  phenomenon was investigated with a number of Idm' samples, each 
, . s ~ n d i n g  to the standard product with the exception of salt content (pu 
:,dtent, content of soft solid waste, waterkement ratio, but not sodium nitrate); 

half of the samples the Pu was added as PuOl and in the second half as pu 
,dueon. It was found that about 1.6 L of H&i.year in the case of Pu02 and . 9 L of H,/Ci;year in the case of the solute plutonium are generated. Oxygen was 
;<generated; on the contrary, the oxygen in the gas phase (air) above the samples 
,s nmoved, resulting in an underpressure corresponding to the portion of oxygen , rrr. n e  results are in good agreement with values reported by K~siewicz.~ The 
,.,&ations will be continued in two directions: leakage rate for H2 of the drums 
E? avoid overpressure in the package and addition of nitrate or nitrite which will 
d c e  H2 generation up to a factor of 50, according to Bibler.' 
yuvkr In caw of lncldentr 
pop rests: Three types of experiments were conducted in which four packages 
,m stacked up and the top drum made to fall onto the stetlcovered concrete 
w. 'Ihe,first experiment used drums filled to not more than 95%. with the 
=oshroom-khaped lid kept empty. The packages remained tight after the drop, still 
using the,underpressure caused by the setting. Even the cement product was 
&Y undamaged. The second used a package as before, but this was dropped onto 
a d c r  full package lying on the floor instead of the steel plate. The result was the 
\ ~ n c  as above for both packages. The third used drums completely filled, with no 
,&. Here the drum broke open a few centimeters up near the flange, but only 
wr 10 g of the product leaked out. 

These results show that the container when exposed to mechanical power as 
q h t  occur by maloperation during transportation or storage will remain tight, or 
: filing, the amount of activity released will be very limited. 
! ~ t  resrs: A filled drum was placed into an isopropyl alcohol fire for one-half 
xur. The temperature measured in the gap between the drum and the product was 
rTPC; 50 mm inside the block the temperature\Has-90f%, and 100 mm b i d e  the 
S x k  it was 40°C. The gasket of the lid was destroyed and white steam escaped 
zit drum. The loss of weight was 15 kg (about 3.8%) compared to 10-12 kg in the 
3v of cement product without the organic waste component. The organic waste 

affected up to 5 mm depth. We intend to repeat these experiments with 
tzopium-doped cement waste product in order to investigate the activity release 
rrxc quantitatively. 

# ,flp~ssive strength of the product as given in Table I is about 20 N / m 2  which 

1. 
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Table 11. Corrosion tests with blast furnace cemen! product at QOOC 
(2x2x8-cm3 samples containing 
ratio of 0.40) 

soft waste wth a w a t e r - c e m  

Media wsr@ -p--- 
Damp room 3.8 17.6 - 
Brine 4.2 15.0 
Sodium chloride 3.8 13.0 
Water 2.0 11.8 - 

Table Ill. Corrosion test with blast furnace cement product at 55°C 
365 days (2 x 2 x 8cm3 samples containing 10% soft waste, 0.3% liqw* 
0.5% stabilizer. with a cement-water ratio Of 0.4) 

112 6.8 35.4 3.7 22.3 4.8 242 

Comslon resistance 
Corrosion tests have been performed in order to frnd the most adequate typ 

of cement. Water and brine (Q type) have been used as leachants. The corr~rjop 
attack was determined on the basis of changes at 90°C in the bending a 
compressive strength. Table II shows the results for blast furnace cement, which 
was better than the other 5 candidates under the conditions of this "quick" test. 
Tables II and III show a very good resistance against corrosion. h e  should m 
compare the figures of both tables with each other. The samples in Table 
have been prepared with a high-speed lab blender which produced a him 
porosity and therefore lower strength. Therefore, the data in the two tabla 
should not be compared. 
Leachablllty 

Investigations of the leachability of the product are still going on. Three types 
of prisms (about 2 ~ 2 x 8  cm) are being leached in stagnant brine following rbc 
IS0 norm: (1) cement product containing 10% soft waste contaminated with F't& 
(2) same as (1) but without the soft waste, and (3) same as (1) but with Pu(OH), 
instead of Pu02 as contaminant. 

Our conclusion from Fig. 2, which shows results obtained up to now. is that 
at the very beginning some activity is leached from the surface of the bodies which 

__ - ___  later disappears from the solution either by precipitation or by resorption 011 tht 
surface of the cement body. We expect that the cement surface gets coated by a 
layer of magnesium hydroxide when exposed to the brine. 

The experiments will be continued. Additionally, the behavior of crushed 
cement products are being investigated to simulate the case where the monolithic 
block was disintegrated after being in brine for centuries. For this purpose prisms 
as described above are crushed in a mortar. Preliminary results show that this 
procedure will change the values in Fig. 2 only by a factor of 10. . 
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,'!g. 2. Cumulative leached plutonium fractions. 

~ i i tycontro l  
f ie  quality control to which parameters and properties of radioactive waste 

,--ditiofled for disposal have to be subjected has not been finalized. Then is a 
broad common understanding that destructive controls on the final products should 

!avoided. The quality control therefore will concentrate on process control 
procedures and nondestructive product controls. Table IV shows the properties 

are currently envisioned as being controlled. There is no difficulty in 
dpting this system of quality control to the process or product as described in 
this paper. 

Conclusion 
The process meets all the desired standards for a solidification process for 

mu waste. It is easy to operate and, because conventionally proven, highly 

Table IV. Properties subject to quality control 
Inventory of activities 
Dose rate 
Surface contamination 

Quality of the cement 
Quality of the container 
Ratio waste/cement/water 
Degree of homogeneity 
Weight 
No free liquid 

Chemical composition of primary waste -~ 
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reliable. The properties of the conditioned waste as assured by process control meet, 
the requirements. 

It is often argued that adding cement would mean an undesirable in- of 
the waste volume. Here we can state a very unexpected rcsult. Table V illu- 
that a volume duction of 40% can be achieved when wastes originally tighu,, 
packed but not compressed from the plant are processed as discussed in this papa 

Table V. Comparison of waste loadings for a 0.21 -m3 drum 

Soft solid waste 24 40 
60 Hard solid waste 36 

Total 60 100 

a Material knmoMrUed waste (IQ) 

- 
I 
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ABSTRACT 

This repor t  desc r ibes  work performed from September 1, 1979, 
t o  February 2 9 ,  1980, i n  an experimental  program t o  measure H 2  
production from alpha r a d i o l y s i s  of concre te .  
candida te  materiel fo r  s o l i d i f  i c a t  ion of r ad ioac t ive  ash from 
inc ine ra t ion  of s o l i d  wastes contaminated with t r ansu ran ic  
i so topes .  
simulated ash doped wi th  Pu-238. The Pu-238 was added as s o l i d  
Pu02 o r  as plutonium disso lved  in  d i l u t e  H 2 S O 4 .  
descr ibed in  t h i s  r epor t .  F i r s t  is a test with po r t l and  Type I 
conc re t e  t o  determine i f  high H 2  pressures  a f f e c t  t he  rate of 
H 2  production [ G ( H 2 ) ]  i n  a lpha  r a d i o l y s i s  as they do i n  gamma 
r a d i o l y s i s .  Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  both H 2  and 0 2  are 
produced ( H 2 / 0 2  = about 2)  from the  water decomposition and t h a t  
H2 pressures  up t o  130 p s i  do not s i g n i f i c a n t l y  a f f e c t  C ( H 2 ) .  A 
value of 15 percent w a s  ca l cu la t ed  f o r  the  po ros i ty  of the con- 
c re te  from t h i s  test .  An accura te  va lue  of t h i s  f a c t o r  is neces- 
s a r y  to calculate  pressures  generated by r a d i o l y s i s  i n  waste 
con ta ine r s  of concrete .  The second test  descr ibed i n  t h i s  repor t  
involves  two long-term experiments with po r t l and  T y p e  I concre te  
and high-alumina concre te  at a low dose rate.  Comparison with 
ear l ie r  resul ts  confirms t h a t  no dose ra te  e f f e c t  on G ( H 2 )  e x i s t s  
f o r  e i t h e r  type i n  the  range 4 x 1015 t o  1 x 1017 eV/min per gram 
of concrete .  This  suggests  t h a t  lower dose rates w i l l  not a f f e c t  
G ( H 2 ) .  

Concrete is a 

Tests descr ibed  he re  were performed with concrete  and 

Two t e s t s  are 

- 3 -  
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GAS PRODUCTION FROM ALPHA RADIOLYSIS OF CONCRETE CONTAINING 
TRU INCINERATOR ASH 

IN'TRODU CTION 

Concrete is  being considered as a s o l i d i f i c a t i o n  ma t r ix  f o r  
t r ansu ran ic  (TRU) r ad ioac t ive  waste ash.  P r imar i ly ,  t h i s  waste 
w i l l  be l abora to ry  waste t h a t  w i l l  be i n c i n e r a t e d  f o r  volume 
redriction. Recause of the alpha r a d i a t i o n  i n  the TRU w a s t e ,  Fl2 
gas can be formed from r a d i o l y t i c  decomposition of the  contained 
H20. 
i t s  f lammabil i ty  and because of a poss ib l e  long-term bui ldup  o f  
p re s su re  in  a r ad ioac t ive  waste c a n i s t e r  o r  sea led  r epos i to ry .  

Production of H2 could be a p o t e n t i a l  hazard because of 

In t h i s  program, sponsored by the  Waste I s o l a t i o n  P i l o t  P l a n t  
(WIPP) Pro jec t  of Sandia Nat iona l  Labora to r i e s ,  Savannah River  
Laboratory (SRL) is  measuring gas product ion ra tes  from conc re t e  
t h a t  conta ins  plutonium-contaminated s imulated TRIJ ash .  SRL i s  
a l s o  i n v e s t i g a t i n g  methods fo r  reducing H2 product ion .  

This repor t  i s  t h e  fou r th  i n  the program and p resen t s  r e s u l t s  
ob ta ined  from September 1, 1979, t o  February 29, 1980. Ea r l i e r  
r e s u l t s  are summarized in  a paper1 presented  t o  the  Materials 
Research Socie ty  i n  November 1979. Also, o t h e r  r e p o r t s  on t h e  
work in  d e t a i l  2 , 3 ~ 4  and on t he  product ion of H2 from concre te  by 
r a d i o l y s i s  by &OCo gamma rays5s6 and H-3 b e t a  p a r t i c l e s 7  have been 
pub 1 i shed. 

Previous ~ o r k l ' ~  has e s t a b l i s h e d  t h a t  r a d i o l v s i s  of the  con- 
crete  bv alpha p a r t i c l e s  from t h e  TRIJ i s o t o p e s  produces both H2 
and 02 b v  decomposition of t he  water. 
molecules p e r  100 e V  of a lpha energy absorbed ( G  v a l u e ) ,  is some- 
what lower f o r  concre te  made from high-alumina cement than f o r  
concre te  made from por t land  Type I cement. The e f f e c t i v e  G va lues  
i n  both types of concre te  can be lowered by removal of t he  f r e e  
water* from the concrete  o r  by a d d i t i o n  t o  the  concre te  of s o l u t e s  
such as NaN03 or NaN02 t h a t  scavenge the  p recu r so r s  of H2. The 
e a r l i e r  tes ts  a l s o  showed t h a t  below 10O'C ( t h e  maximum tempera- 
t u r e s  t e s t e d )  t h e  H 2  product ion r a t e  (molecules/100 eV) i s  inde- 
pendent of temperature and the r a d i a t i o n  dose ra te .  Dose rates 

The rate,  i n  terms of 

* Free water is t h a t ,  water not used in  the  hydra t ion  r eac t ions  of 
the. cement. 
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where 

AP/At rate of pressure increase ,  ps i /hr  

N = Avogadro's number 

V = Gas volume, mL 

R = i d e a l  gas cons tan t ,  1.2 x lo3 (psi)(mL)/(mole)(*K) 

T = temperature,  *K 

AD/At = dose rate, eV/(hr) 

Dose rates per u n i t  mass could be ca l cu la t ed  from the cu r i e s  of 
Pu-238 p resen t ,  the energy of the alpha p a r t i c l e s ,  and the mass of 
c o n c r e t e  i n  the sample. 

AD - A E a C i  
A t  H 
- - -  (2) 

where 

A .= a c t i v i t y  = [3.? x 1O1O d i s / ( s e c ) ( C i ) ] [ 6 0  sec/min] 

= 2.2 x 1 O I 2  d is / (min)(Ci)  f o r  any radionucl ide 

E, = energy of alpha p a r t i c l e  

= 5.49 x lo6 eV/n f o r  Pu-238 

C i  = c u r i e s  o f  Pu-238 present  i n  concre te  

M = mass of concrete (cement + water + a s h ) ,  grams 

Second, G values  f o r  the production o r  dep le t ion  of i nd iv idua l  
gases, G( i ) ,  were ca lcu la ted  from the t o t a l  dose and the  composi- 
t i o n  of  t he  gas mixture at the end of each test: 

NV 100 
G ( i )  = A P ( i )  . . - D (3) 

where 

P ( i >  = pressure  change for  gas i 

D = t o t a l  dose t o  the sample  = (AD/At) . t 
The f i n a l  pressure  of gas i w a s  c a l cu la t ed  from the  f i n a l  t o t a l  
p re s su re  and the  f r ac t ion  of gas i in the  f i n a l  gas mixture.  
f r a c t i o n  w a s  determined by. gas chromatography. 

This 
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Apparatus for t h e  High P r e s s u r e  T e s t  

The high p res su re  test is being conducted i n  a P a r r  bomb re- 
a c t i o n  vesse l*  capable  of wi ths tanding  a p res su re  of 4500 ps ig .  
Attached t o  the  bomb is a r u p t u r e  d i s c  r a t e d  a t  3000 psig and a 
0-2500 ps ig  s p u t t e r e d  gage p res su re  transducer** capable  of with- 
s t and ing  7500 p s i g .  
wi th  the  conc re t e  mixture  (474  mL). Total f r e e  volume i n  the  
t r ansduce r ,  r u p t u r e  d i s c ,  and connect ing va lve  t o  the  t r ansduce r  
i s  only 4.5 mL. 

The r e a c t i o n  v e s s e l  was completely f i l l e d  

C a l i b r a t i o n  of the  t r ansduce r  w a s  checked by h y d r o s t a t i c  
t e s t i n g .  The output  w a s  l i n e a r  with p re s su re  (F igure  3 ) .  The 
s e n s i t i v i t y  w a s  30.9  mV f o r  2500 ps ig .  This  va lue  agreed w i t h i n  
0 . 6  percent  of t h a t  c i t e d  by the  manufacturer .  
performance s t a b i l i t y  of t he  t r ansduce r  is rated a t  - + O . l %  by the  
manufacturer  . 

The long-term 

Sample P r e p a r a t i o n  for t h e  High P r e s s u r e  T e s t  

Weighed amounts of po r t l and  Type I cement and ca l c ined  ash 
were mixed and placed i n  t h e  glove box. 
Pi102 con ta in ing  Pu-238 w a s  then mixed i n t o  the  d r y  m i x .  
weighed amount of water w a s  added and a paste made. A 474 mL and 
a 10 mL c o n t a i n e r  w e r e  then f i l l e d  with the  paste. The mixing 
v e s s e l  and the  small  con ta ine r  w e r e  weighed so t h a t  t he  amount of 
p a s t e  added t o  each con ta ine r  could be c a l c u l a t e d .  
s u i t a b l e  f o r  weighing the  conc re t e  i n  the l a r g e  c o n t a i n e r  w a s  no t  
a v a i l a b l e  i n  t h e  glove box. A f t e r  t he  samples had cured one day, 
t he  samples w e r e  sea led  t o  the  p re s su re  t r ansduce r .  
c o n t a i n e r  had a 0 t o  50 p s i  t ransducer .  
samples and the  void volume i n  t h e  sma l l e r  con ta ine r  are given i n  
Table  2. 

A weighed amount of 
A 

A ba lance  

The smaller 
F i n a l  compositions of t he  

C a l c u l a t i o n  of t h e  P o r o s i t y  of t h e  Ash-Concrete 
from High P r e s s u r e  Data 

The volume a v a i l a b l e  t o  the  gas i n  the  high p res su re  test can 
be c a l c u l a t e d  from the  i n i t i a l  rate of gas product ion and the  dose 
ra te  i n  t h a t  test  along wi th  the  va lue  f o r  G( to t a1 )  ob ta ined  from 
the  test with the  smaller a l i q u o t  of t he  concre te .  The p o r o s i t y  
of t he  conc re t e  can then be c a l c u l a t e d  knowing the  volume of t he  
concre te .  The equat ion for  the  volume of the  gas is obtained by 
rearrangement of t he  equat ion  f o r  G( t o t  a l l  . 

* P a r r  Instrument  C o . ,  Moline, I l l i n o i s .  

** B e l l  C Howell, CEC Divis ion ,  Pasadina ,  C a l i f o r n i a .  
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con ta ine r  very small (0.0045 L) and by using the  high p res su re  
conta iner  descr ibed earlier.  The th ree  poss ib l e  hazards  a s s o c i a t e d  
wi th  t h i s  test a re :  

Production of H2 wi th in  a glove box 

Presence of a pas a t  high p res su res  (maximum t o  be t e s t e d  
SO0 p s i )  wi th in  a Rlove box 

Presence of an explosive mixture of H 2  and 0 2  i n  the  Rlove 
box. 

The production of H2 and poss ib l e  formation of a flammable mix- 
t u r e  within the box i t s e l f  is  not a s i g n i f i c a n t  hazard because of 
t h e  low production ra te  of H2. A i r  flow through the box would 
have t o  be stopped fo r  more than th ree  pears  f o r  t he  H2 concen- 
t r a t i o n  i n  the glove box t o  reach i ts  lower f lammabil i ty  l i m i t  i n  
a i r  ( 4  percent l .9  The hazard assoc ia ted  with presence of a gas 
a t  a high pressure  is  not s i g n i f i c a n t  because of the small f r e e  
volume in  the  high pressure  conta iner .  I f  for  some reason the  gas 
ven t s  while a t  500 p s i ,  t he  pressure  wi th in  the glove box would 
s t i l l  be less than atmospheric. The p o s s i b i l i t y  of an explosion 
is  minimized because the  gas w i l l  a lways  be a t  room temperature  
un le s s  an ex te rna l  f i r e  occurs.  A t  room temperature ,  mix tures  of 
H 2  and 0 2  w i l l  not explode unless  a source of i g n i t i o n  is present  
or i f  t h e  pressure exceeds 1000 p s i .  The value f o r  t h i s  p re s su re  
i s  based on an ex t r apo la t ion  of the spontaneous explosion l i m i t  
f o r  H2-02 mixtures .1°  I n  the present  t es t ,  no source of i g n i t i o n  
is  present ,  and the  p o s s i b i l i t y  of an ex te rna l  f i r e  has been 
minimized by removal of a l l  flammable ma te r i a l  from the  glove box. 
I f  an explosion did occur ,  the only damage would be t o  t h e  3000 
p s i  rupture  d i sc .  It would f a i l ,  and the gas would vent t o  the 
box. Again, because of the  small amount of gas presen t  (0.0045 L), 
t h i s  vent ing would not p re s su r i ze  the  box. F i n a l l y  a s h i e l d  i s  
pkesent t o  prevent the fragments of the rupture  d i s c  from damaging 
t h e  glove box i f  the rupture  d i s c  f a i l s .  

Long-Term Low Dose Rate Tes t  

A s  indicated e a r l i e r ,  the  alpha dose r a t e  i n  a c t u a l  waste 
w i l l  be l e s s  than t h a t  used  i n  the  labora tory  tes ts .  For example, 
ac t i ia l  waste w i l l  probably have a dose r a t e  <4 x eV/min 
p e r  gram of concrete ,  while the labora tory  tests have used h ighe r  
dose r a t e s .  Tests had been performed e a r l i e r  a t  two d i f f e r e n t  
dose r a t e s  
Type I and high alumina concrete .% No dose r a t e  e f f e c t  on the 
valiies of G:(Hp) was observed. As a f u r t h e r  tes t  of dose r a t e  
e f f e c t s ,  a t e s t  on each concre te  was performed a t  a lower dose r a t e  
(about 4 x l d 5  eV/min per zrarn of concre te )  f o r  the two t y p e s  
o f  cement. 

and l d 7  eV/rnin e r  gram of concre te )  f o r  port land 
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Pu-238 added to  the  conc re t e ,  Also,  t hese  conc re t e s  were prepared 
i n  'removable p l a s t i c  molds. 
s e v e r a l  days, t he  molds w e r e  removed, and the  samples were placed 
i n  steel test tubes t h a t  were then a t t ached  t o  the  p re s su re  
t r ansduce r s .  

Af t e r  t he  concre te  had cured f o r  

P r e s s u r e  changes f o r  the  two samples a r e  shown i n  F igure  4. 
The l a r g e  s c a t t e r  of t he  d a t a  is a r e s u l t  of tempera ture  f luc tua -  
t i o n s  s ince  no a t t e m p t  was made t o  c o n t r o l  t he  temperature .  
Analysis  of t he  gas a f t e r  t he  tests showed t h a t  i n  both cases ,  t h e  
p a r t i a l  p re s su re  of N 2  w a s  unaf fec ted  by the  r a d i o l y s i s  while  
t h a t  f o r  0 2  decreased .  This  decrease  r e s u l t e d  i n  the-G va lues  
presented  i n  Table  4. With high alumina cement, t he  02 pres su re  
decreased  f a s t e r  than H 2  was produced, thus  causing a decrease  
i n  the  t o t a l  p re s su re .  The l a r g e r  decrease  i n  02 with  h igh  
alumina cement compared t o  po r t l and  Type I cement has been ob- .  
se rved  wi th  o t h e r  samples. For both Concretes,  t he  p re s su re  
decrease  was s i g n i f i c a n t  dur ing  the  f i r s t  100 hours  of t he  tests. 
A f t e r  t h i s ,  t he  p re s su re  increased  l i n e a r l y  f o r  t he  por t land  
Type I cement. The va lue  f o r  G ( t o t a l ) ,  0.23 molecules/100 e V  i s  
less than G ( H 2 )  + G ( 0 2 ) ,  0.43. This d i f f e r e n c e  could be due to 
experimental  e r r o r  i n  c a l c u l a t i n g  the  change i n  02 pres su re  
during the  test  from the  d i f f e r e n c e  between two r e l a t i v e l y  l a r g e  
numbers. G( to t a1 )  f o r  t he  high alumina concre te  was not calcu- 
l a t e d  because the  p r e s s u r e  decrease  was not l i n e a r .  

. .  PROGRAM 

Funding f o r  t h i s  program ends May 30, 1980. Four f i n a l  ex- 
periments a r e  i n  progress  and w i l l  be completed by May 30, 1980. 

0 The high p res su re  experiment w i l l  be continued u n t i l  t he  t o t a l  
p re s su re  reaches  500 ps ig .  
analyzed f o r  its composition and pressure  e f f e c t s .  

Compressive s t r e n g t h s  of concre tes  d r i e d  a t  200'C w i l l  be 
measured and compared with those of samples  not dr ied .  This  
w i l l  determine i f  drying decreases  the  e f f e c t i v e n e s s  of con- 
c r e t e  as a s o l i d i f i c a t i o n  ma t r ix  f o r  i n c i n e r a t o r  ash. 

A t  t h i s  t i m e  t he  gas  w i l l  be 

0 

Water w i l l  be added t o  a concre te  conta in ing  NO2 t o  determine 
i f  N O 2  can s i g n i f i c a n t l y  reduce G ( H 2 )  i n  presence of excess  
water as it does i n  conc re t e  conta in ing  about 20 percent water .  

0 The r a t e  of water absorp t ion  upon s tanding  a t  ambient condi- 
t i o n s  by conc re t e  d r i e d  a t  200'C w i l l  he  measured. 
g ive  an e s t i m a t e  of how soon con ta ine r s  of conc re t e  and a c t u a l  
waste have t o  be sea l ed .  a f t e r  drying.  

This w i l l  

A f i n a l  r epor t  summarizing a l l  the  resu l t s  obta ined  i n  t h i s  
program w i l l  be i ssued .  
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TABLE 1. R e s u l t s  of I r r a d i a t i o n  of Two A l i q u o t 8  of Portland Type I Concrete 
for  High P r e s s u r e  Tes t  

F i n a l  
Sample I r r a d .  P r e s s u r e ,  Compos i t ion ,  X C, V a l u e s  

G(Y2) G(02) G(Tota1)  G(02)/G(H2) Number Time, h r  p s i a  H2 O2 N2 

1-7 823  130a 64.2 34.8 0.8 b b b 0.54 

I-R 629 8.5 41.0 33.1  25.9 0.28 0.16  0.42 0.57 

a .  T e s t s  showed t h a t  t h i s  f i n a l  p r e s s u r e  w a s  low b e c a u s e  a l e a k  had deve loped .  

b. Not c a l c u l a t e d  because  of t h e  t o t a l  v o i d  volume of t h e  c o n t a i n e r  was unknown, 
and a l e a k  had deve loped .  
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TABLE 3 .  Composition of Concretes for Low Dose Rate Tests 

Sample composition Void Volume in Dose Rate, eV/(min) 
Number Cement, g Ash, g Watet,ga Pu-238 Container, mL (R of concrete) 

HAC- 1 9 . 5 6  4 . 0 9  5 . 1 3  0 .0064  23 .5  

1-3 9 . 9 4  4 . 2 4  5 . 9 0  0.0073 20 .2  

a. Added as about 0.2M H2SO4 to prevent precipitation of the plutonium. This is 
the amount of water that remained after curing. 
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FIGURE 1.  Radiolytic Pressure Increase w i t h  Portland Type I 
Concrete i n  the High Pressure T e s t  
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ABSTRACT 

The applicability of acid-base cements, which have 
also come to be called chemically bonded ceramics 
(CBC), to Pu-containing residues within the DOE 
complex is being investigated. This preliminary inquiry 
considers CBC stabilization of ash residues from the 
inventory at the Rocky Flats Environmental Technology 
Site (WETS). The ash residues have been successhlly 
stabilized in CBC. Results of ongoing radiolytic gas 
generation measurements are discussed. Hydrogen 
release from CBC waste forms seems acceptable and 
lessons have been learned which will support successful 
production-scale application of acid-base cementation to 
the Rocky Flats ash residues. 

INTRODUCTION 

Approximately 125 t (metric tons) of Pu-containing 
residues exist within the U.S. Department of Energy 
(DOE) complex at former defense related facilities.’ 
Among these holdings are over 20 t of ash, ash heel, soot 
and associated fines in storage at the former Rocky Flats 
Plant near Denver, Colorado. This material awaits 
stabilization into a form which is transportable to the 
Waste Isolation Pilot Plant (WIPP) in a TRUPACT-I1 
shipping package, which accommodates maximum 
fissiie loading through pipe component compatibility, 
which meets both the waste acceptance criteria and 
quality assurance mandates of the WIPP, and which 
satisfies safeguards termination goals by matrixing 
fssile material such that it is ’practically irrecoverable” 
or, more generally, unattractive for diversion. Cold 
ceramification using CBC has proven effective for 
stabilizing fine debris tainted with Rtsourcc 
Conservation and Rccovcry Act (RCRA) regulated 

-- 

hazardous metals into leach resistant ceramic-like 
monoliths through simple non-thermal preparation? -‘ 
CBC may be a favorable technology for stabilizing 
Pu-containing residues. 

A primary component in acid-base cementation is 
the collection of amorphous silicates and aluminates 
commonly known and readily available as flyash. Since 
flyash is a base ingredient in the CBC process itself, colr 
ceramification of Pu-bearing ash residues, with the 
contaminated ash replacing some or all of the innocuour 
flyash in each batch, seemed a reasonable fmt step of 
inquiry for CBC application to the larger varying 
inventory of residues. Therefore, the applicability of 
CBC to the Rocky Flats ash inventory is being 
evaluated. 

In application of acid-base cementation to this 
residue waste stream, the primary, and essentially sole, 
validated waste form performance criterion requiring 
testing at this time is characterization of radiolytic gas 
generation. As a new potential WIPP-bound waste forr 
it is understood that gas generation characterization wil 
be through the path of physical testing methodologies 6 

opposed to through analytical techniques which have 
been developed to support TRUPACT-I1 loading of, 
principally, untreated wastes. This paper looks at the 
gas generation potential of monoliths formed with 
Rocky Flats ash and ash heel to bracket expected 
radiolytic gas generation rates among the population o! 
CBC monoliths which will be created in large scale 
application of the process to Rocky Flats ash residues. 
In 50 doing, this data supports a go versus no-go 
decision regarding deployment of the process at Rock) 
Flats. 
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m e  gas generation standards facing TRUPACT- 
I I m i e d  WIPP-bound wastes are based on prevention 
of explosive environments within either the free volume 
ofa TRUPACT-I1 shipping package or any smaller 
@nfinement layer (e.g., the free volume of an individual 
container) during a presumed sixty day transport period.' 
Accumulation of hydrogen is limited to five volume 
(generally interpreted as the more restrictive free 
volume) percent within any payload confinement layer 
Over sixty days. Accumulation standards also exist for 
volatile organic compounds, but comparisons to this 

are not made in this paper as such species (the 
most notable and likely species being methane) have not 

tly in any of the test systems 

At the present time, a validated quantitative 
ptrformance specification for satisfaction of the 
asentially qualitative safeguards termination 
unattractiveness goals has not yet been established, 
though suggested procedures have been developed.6 
This paper does not, therefore, discuss actinide 
recoverability from CBC waste forms. 

TECHNOLOGY BACKGROUND 

Though largely overlooked in waste stabilization 
efforts to date, there exists a promising group of 
cementitious binding processes which are implemented 
with the operational simplicity of a nonthermal batch 

ical hydraulic cements, but 
s with mechanical strength and 

nent binding properties similar to those of 
nnally fused ceramics. The strength of these 

from their formation through acid-base 
subsequent dominance of ionic and 

the final structure. Such bonding is 
er hydration and van der Waal's 

hich forms typical hydraulic concrete. The 
assified as acid-base cements but 

come to be called CBCs.'-' The process itself 
referred to as cold ceramification in reference 

y relative to the high heat requirements 
with the production of materials typically 

larly well studied genre of 
osphate system which has been 

uirements for curing, 

ect of many patents, some fifty years old, and 
I commercial products. 9 - 2 6  The 

ce of phosphate based systems has given 
r common name for these materials, that 

hosphate ceramics. 

___ I --- 

Materials scientists A. S. Wagh and D. Singh' of 
Argonne National Laboratory recognized the potential of 
these materials for radioactive and mixed waste 
stabilization and have secured a patent, the exercise of 
which is freely available to any DOE facility, for such 
applications." Their work has focused quite 
successfully on enhancement of the acid-base chemistry 
to favor metal, and particularly RCRA-regulated 
hazardous metal, fixation both as lesser soluble 
phosphates and then as bound phosphates within the 
final solid matrix. 

Each of the particular formulations discussed in the 
listed references shares the commonality of solidification 
with tailored acid-base reactions, typically aided by the 
presence of flyash. Most of these reactions free 
magnesium from magnesia to join in any of a great 
variety of final phosphate compounds as determined by 
the particular species of phosphate introduction and 
other reacting components present. Various specific 
reacting systems differ with regards to rates and heats of 
reaction as well as with respect to final and byproducts 
produced. Some systems produce byproduct waste 
gases. The particular form of CBC being applied in this 
project is that which was successfully applied to mixed 
wastes at Argonne National Laboratory - West (AN-W) 
as discussed in reference 4. It combines reacting binders 
of magnesia (reduced in reactivity through calcination or 
dead-burning) and monobasic potassium phosphate in 
the presence of water to form the primary system binder 
of hydrated magnesium potassium phosphate by the 
following reaction: 

This system does not produce byproduct reaction 
gases during formation. The typical preferred batch 
composition is, by mass, one half ash, one third reacting 
binders, and one sixth added water. As will be noted 
later, water was actually introduced in excess of process 
requirements in this project to permit study of bound 
versus unbound water radiolysis response. Preferred 
binder introduction is as fine powders. Reaction kinetics 
and degree of completion are limited by diffision at the 
magnesia surface. Mass distribution of reacting binders, 
as dictated by the stated reaction stoichiometry, is three 
parts calcined magnesia to approximately ten and one 
half parts monobasic potassium phosphate. 

A. S. Wrgh urd D. Si@ may bc nxchcd at Energy 
Technology Division. Argonne National L.bon(ory, 9700 South Crss 
Avenue. Argonne IL. 60439. 



WORK DESCRIPTION 

Ash residue samples from Rocky Flats have been 
obtained and stabilized in CBC at ANL-W. In this initiz 
test, ten ash-containing CBC monoliths were produced. 
These monoliths are now serving as test specimens in 
waste form characterization activities. 

Samples of pulverized incinerator ash, Item 
Description Code (IDC)b 420, and ash heel (IDC 421) 
were obtained for this investigation. These are just two 
of several residue classifications associated with 
operations of the Rocky Flats incinerator but, jogether, 
these two IDCs comprise 96% of the approximately 20 t 
of incinerator-produced residue holdings at WETS. The 
IDC 420 ash is the bottoms ash fiom a grate style, 
typically inefficient, incinerator which was subsequently 
pulverized in a ball mill. IDC 421 ash heel is the residue 
remaining after one or more attempts at actinide 
recovery from IDC 420 ash; fissile material remaining in 
ash heel is that which could not be economically 
recovered from the pulverized ash by conventional 
means. Typical incinerator feed included paper towels, 
wood filter frames, polyethylene bags, polyvinyl 
chloride bags, cotton coveralls and various rubber 
items.” 

The pulverized ash used in this study contained 
0.3 wt% Pu of weapons grade distribution with 
0.22 wt% of the actinides present being Am-24 1 .- This 
ash had a density of = I g/ml. A 2-step Loss on Drying 
(LOD) followed by a Loss on Ignition (LOO test has 
been performed on the IDC 420 ash (RF Identification 
No. 07373028) used in the process demonstration. Ihe  
LOD test held the sample at 100 “C for one hour. Pre 
and post LOD mass measurements indicate a 1 % mass 
loss in the LOD which is presumed to be due to unbound 
moisture removal. The subsequent higher temperature 
LO1 heat up/cool down cycle occurred over eight hours 
and included two hours residence at the peak 
temperature of IO00 “C. Pre and post LO1 mass 
measurements indicated a 9.8 % mass loss in the LO1 
which was attributed to ignition of residual organic 
matter. This finding of approximately 10% residual 
unoxidized organic material is in excellent agreement 
with findings in similar LO1 tests done at RFETS.’” 

The ash heel used in this study was of similar 
density and contained approximately 12 Wtoh actinides 

‘~hc Item ~cscription  cod^ rrfcrrnccs a unique 
m;r(erid idcntifiution ryrtun employed within the DOE complex. 

of the same isotopic distribution as the ash.” The ash 
heel did not have Rocky Flats identification labels. n e  
heel came to be in ANL-W’s possession following a 
repackaging operation and inventory reduction 
campaign at Lawrence Livermore National Laboratory 
in 1992. This heel was to have been used to support an 
actinide recoverability testing program several years 
ago. The program was canceled after ANL-W received 
the ash heel but before recoverability work could be 
initiated.I2 Due to the highly oxidative nature of the 
actinide recovery attempts, this heel, like the inventory 
of IDC 42 1 ash heel at WETS, is believed to be void of 
even trace reduced organic material. A verification Lo1 
was not conducted. 

These two samples, ash and ash heel, were 
conveniently placed at extremely low and fairly high 
(= 92“ percentile) actinide concentrations with respect 
to the concentrations present in the overall ash residue 
inventory at Rocky Flats (Figure 1) such that aliquoting 
and mixing of these two residue samples was a viable 
method to create a variety of samples of varying 
intermediate actinide concentrations and with varying 
residual organic presence. Consequently, a range of 
monoliths were able to be formed which represent the 
much larger inventory of monoliths which might be 
produced at WETS. 

A c t i i L  M n c  k r c d  7 

Figure 1 : Mass Distribution of WETS Ash Residues A 

per Actinide Concentration. 

Particle size distribution was not characterized with ‘C 

either the ash or heel. However, based on macroscopic 
inspection, it may be approximated that the ash varied e n from fine powder (50 pn) or less up to inclusion of .J 

small pieces with diameters of several millimeters. A 
ash heel was all fine powder. Neither elemental assays :a 
nor X-ray difhction spectrums were obtained for either 
the ash or ash heel; deterministic characterization to 
great detail, as is typical for surrogate work, was not 
considered necessary as this study did, in fact, have 

‘.I 



That being the case, residual organic presence of 
pulation of likely producible CBC monoliths at 

ith regards to fissile loading, excess water 

Details of ingredient additions for the seven 
onolith test array may be found in Table 1. The 
ricated monoliths included necessary process binders 

lcined magnesia (MgO) and monobasic 
m phosphate (KH,PO,)): water, and, for some 

Both binders were pravided by A. S. Wagh and D. Singh. 
nugncsia was originally analyrid grade purchased from 
linckrodt as the dead-burnt oxide and further calcined to nducc its 

actual WETS ash inventory samples. 

The primary focus of this study is characterization 
ofradiolytic gas generation in actinide bearing CBC 
monoliths with an aim of bracketing the range of 
gaseous release rates, particularly of gaseous hydrogen 
but also of volatile organic species, which may be 
anticipated in application of CBC to the entire inventory 
ofRFETS ash residues. To this end, the sample ash and 
heel was principally apportioned to support production 
ofa set of seven 400-g monoliths for gas generation 
testing. Every effort was made to choose monolith 
production data points such that the largest possible 
coverage of the population of production possibilities at 
WETS would be spanned. In so doing, fssile material 
loading was caused to range from 1 wt% to 5 wt?h 
(referenced to fmal monolith mass) across the group of 
seven test monoliths, water was added in excess of 
actual requirements ranging from 1 wt?h to 
approximately 6 wt??, and residual organic 
concentration varied from 0 wt?h to 4 wt?/o. 

It is believed that some ash in storage at WETS 
may contain particularly high organic concentrations up 
to about 40 wt?h,” Le., these residues are almost as 
much ball-milled uncornbusted feed as actual ash. 
However, as an actual stabilization campaign at WETS 
will necessarily include feed prehandling, segregation, 
and mixing to satisfy fissile material loading constraints, 
opportunity will also be provided to consider and 
influence residual organic content in batch preparation. 
This opportunity, properly exercised, in combination 
with anticipated effective dilutions with innocuous 
flyash, is anticipated to keep residual organic 
concentrations in final monoliths in the low few percent 

specimens, a low-Fe Class F Flyashd as needed to 
complete the 50 mass percent ash contribution integral to 
the process. Also, this group of monoliths was 
purposefully formed with excess water to aid 
characterization of the water radiolysis effect. 

Additionally, two 400-g monoliths were fabricated 
for actinide recoverability testing should a performance 
specification for actinide recovery from stabilized 
residues become validated. Finally, one 2-1 monolith 
was formed for demonstration of the process at a likely 
scale of application at WETS. 

‘Ihese ten CBC monoliths were fabricated in an air 
atmosphere plutonium handling glovebox in the 
Analytical Laboratory at ANL-W in November, 1997. 
Required fabrication equipment included a scale and a 
stand mixer.( All mixing was done in highdensity 
polyethylene containers. It is understood that radiation 
interaction with the plastic containers is itself a minor 
source of radiolytic gases. However, this source is 
extremely trace when compared to the gaseous 
emanation from within monoliths themselves and not 
significant. The seven 400-g monoliths being used for 
gas generation characterization were mixed in 250-ml 
polyethylene containers. Each monolith required a 
twenty minute mixing time and was sufficiently 
hardened within two hours to begin monolith post-mix 
handling. 

The seven monoliths purposed for quantifying 
radiolytic hydrogen gas generation were carefully 
bagged out of the fabrication glovebox into filtered bags. 
Individual monoliths-in-filtered bags were then loaded 
into. individual test canisters in a separate 
argon-atmosphere alpha glovebox dedicated to radiolytic 
gas quantification. Each test canister was aggressively 
purged with nitrogen for a minimum of twenty-four 

nadivity. The monobasic potassium phosphate was food grade 
purchased from Fh4C. 

Class F Flyash from the Jim Bridger Power Plant in Rock 

wt% ud 5.03 Wr? oxides of Si, Al. and Fc. rtspcdively. It had a low 
lime content, less than 6&?. It was quite fine. only 26% king 
reatined on I 325 mesh (45 am) sieve. It was supplied by Poaolanic 
International. P.O. Box 21679, Salt Lake City. UT 84121. ’ 

Springs. WY. was uscd. This ash Was Mal@ to k 65.4 Wr%, 16.4 

e ATOW-SSO mixer, rvaiilablc from ~ r r o w  Engineering. 
260 Pennsylvania Ave. Hillside, NJ 09205, mounted on a custom 
mixer m d .  Thc mixer shaft had a variable mvolution pa minutc 
(rpm) capability wilh a referenced maximum spced of  IO00 rpm and a 
maximum torque delivery of 0.8 Nm. 
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Table 1: Constituent Additions to Seven Monoliths Used in Gas Generation Characterization. 
IDC420 IDC421 ClassF Total 

Monolith Ash AshHeel Flyash MgO K H J Q ,  Water Mass 
No. 63) &I cg) cg) 0 

1 161.7 30.6 0.00 29.3 99.1 95.7 416 
2 86. I 24.3 77.0 29.3 99.4 90.4 407 
3 90.8 96.4 0.00 29.7 98.7 86.8 402 
4 0.00 33.4 153.8 29.3 98.9 83.5 399 
5 0.00 101.1 87.2 29.4 99.4 78.7 396 
6 0.00 166.4 21.0 29.6 99.2 89.5 406 
7 0.00 32.7 153.6 30.1 99.2 69.8 385 

hours then sealed. The moment of canister sealing 
uable 2) denotes the beginning of the radiolytic gas 
accumulation test period for each sample. AI1 canisters 
were sealed with initial nitrogen-atmosphere pressures of 
approximately 0.23 m a .  This value was chosen to 
provide sufficient driving pressure for up to ten 
sampling events for each canister over the duration of 
the experiment while, simultaneously, keeping total head 
space density, and, therefore, dilution of radiolytic gas 
by inert carrier gas, to a minimum. The free volume of 
the test canister serves as the gas accumulation region. 

Use of the filtered bags, custom fabricated at 
ANLW for this purpose, allowed caps to be removed 
fiom monolith containers within the breathable bags 
thereby allowing gas diffusion from the polyethylene 
containers containing individual monoliths into the 
larger head spaces of the respective gas generation test 
canisters while still maintaining a high level of 
particulate containment to protect the new test canisters 
from surface alpha contamination. Parameters germane 
to analysis of radiolytic gas data for the seven test 
monoliths are detailed in Table 2. Canister head space 
sampling began with a frrst round of sampling in 
January, 1998. A second round of head space samples 

was extracted and analyzed in April, 1998. The 
canisters remain sealed and are still actively 
accumulating radiolytically generated gases as of this 
writing. 

DATA 

Stabilization of Rocky Flats ash residues into high 
integrity solids using CBC has been demonstrated. 
Fabrication proceeded normally. All batches were 
readily mixed and desired binding reactions proceeded at 
normal rates. Single use peak temperature recorders 
were used to track peak curing temperatures. The 
average peak curing temperature for all monoliths was 
about 323 K. All solid monoliths, based on rough 
comparison of mass to volume, have densities of about 
1.9 glml, which is typical for the process. 

The most recent round of generated gas 
characterization data is l i e d  in Table 3. Thus far, the 
only regulated gas to have accumulated in any of the tcst 
canisters at signifimt levels is diatomic hydrogen. 
Therefore, only characterization of radiolytic hydrogen 
generation is considered here. 

' 

Table 2: Parameters Essential to Radiolysis Gas Data Analysis. 
1 

Date and Time of Energy Deposition 
Monolith Test Canister Rate Organic Added Water 

No. Isolation (eV/day) (mass percent) (mass percent) 
1 12/04/97 08:45 5.92E+2 1 3.81 23 .O 
2 12/23/97 13:30 4.48E+2 1 2.08 22.2 
3 12/15/97 14:15 1.65E+22 2.2 1 21.6 
4 12/16/97 14:30 5.56E+2 1 0 20.9 
5 12/10/97 14:OO 1.68E+22 0 19.9 
6 12/11/97 14:45 2.77E+22 0 22.1 
7 12/09/97 14:30 5.44E+2 1 0 18.1 
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Table 3: Mid-April 1998 Gas Canister Sampling Data. 
Diatomic 

Canister ' Hydrogen 
Temperature I Presence 

Canister 
Pressure 

2.363E+5 296.1 : ' 6,028 
295.3 2,996 

(Pa) (K) 

Monolith Date and Time of 
No. Head Space 

131.02 
11 1.00 \ 2.305E+5 

Sampling 
I 04/14/98 09:15 
2 04/13/98 13:30 

- 
Each sampling event involves expansion of an 

isolated canister environment into a previously 
evacuated sample line followed by canister re-isolation 
followed by expansion of the gaseous sample aliquot in 
the sample line through a gas chromatography system.' 
At the point the sample line and test canister are 
connected, system temperature (to three significant 
digits) and pressure (within 100 Pa) are recorded.8 The 
fice space volume of each canister and sample line 
system has been determined to be 6.750 liters (within 
0.035 liters). Simultaneous knowledge of system 
temperature, pressure and volume allows calculation of 
total moles of gas in the system by ideal gas relations 
(entirely reasonable application at low pressure). The 
product of total moles present and concentration of any 
species (from gas chromatography) yields an accurate 
measure of the moles of any particular species present in 
.the system at time of sampling. For the first sampling 
event in January, 1998, moles of hydrogen, for instance, 
found in the system (i.e., any single CBC monolith in 
test canister system) were attributed to production by 
radiolysis between the time of canister scaling and head 
space sampling.' All sampling events after the first 
include consideration of gas species taken from the 
system in previous sampling events in summing to 

2.322E+5 295.7 1 10,993 
2.287E+5 295.5 2,837 
2.322E+5 7,086 
2.347E+5 14,3 10 
2.30 1 E+5 1,042 

\ I 

3 04/13/98 10:45 118.85 
4 0411 3/98 1 1 :45 117.89 
5 04/10/98 13:30 120.98 
6 04/10/98 1500 120.0 1 

7 04/10/98 11:45 121.89 ,,I 

determine total numbers of a particular gas species 
produced. _- 1 

g also found indication 
detection limit of the 

g the highest organic 
the most common 

anic sources and 

However, due to its occurrence at a very low 
concentration in only a single sample, correspondingly 
imprecise prediction statistics does not support 
meaningful discussion of methane production rates from 
organic containing CBC monoliths at this time. 

' Hewleu Packard 5890 Series I1 Gas Chromatograph. 

g RCSSUX rncasurcmcnt is with UI in-line MCW; 2 I 00 
DPG fabricated by Mcnsor Corporation, 2230 IH 35 South, San 
Mums. 'Ix 78666. 

Note: earlier work with nonradioactive CBC samplcs 
hvestigated gsscous diffusion rata through the material and 
concluded that such diffusion was sufftciently rapid to negate 
miderrtion of production to rclcasc cimc lag cffccts &om thii 
-lysis methodology. 

Bracketing of radiolytic gas generation and release 
rates will be through calculation of "G-values" which 
include normalization with respect to ionizing energy 
deposition. As energy deposition is itselfa h c t i o n  of 
fissile loading, the G-value normalition leaves only the 
two parameters of water Concentration and residual 
organic material concentration against which calculated 
G-values may be compared. The units of G-value are, 
broadly, gas produced per ionizing energy deposited, 
and, more specifically regarding diatomic hydrogen, 
molecules of the hydrogen produced per one hundred 
electron volts (eV) deposited. Each of the seven 
hydrogen G-values computed for each of the seven test 
monoliths is the quotient of molecules of hydrogen to 
have been produced in the system during the period of 
accumulation (i.e., sum of molecules of hydrogen 
present in the system at the time of sampling and 
molecules of hydrogen taken from the system in 
previous sampling events) to the total ionizing energy 
which had been deposited in the system during the 
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period since test canister sealing (various dates in 
December, 1997, as listed in Table 2) and the time of 
sampling (April, 1998, specific dates listed in Table 3). 

The seven computed G-values for the test array, 
based on approximately four months of radiolytic gas 
accumulation, are listed in Table 4 and plotted against 
added water content and against organic content in 
Figure 2. 

Table 4: Hydrogen G-Values Based On 
Mid-April 1998 Test Canister Sampling. 

demarcation corresponds to the amount of water 
believed to be structurally fixed in the hydrated 
magnesium potassium phosphate which binds these 
monoliths. This demonstrates that bound water is 
essentially unavailable for degradation by radiolysis into 
gaseous species and that only unbound water in the pore 
space of final waste forms is available to contribute to 
hydrogen generation by radiolysis. This effect is not 
unique to the CBC waste forms as it has also been noted 
in more conventional hydration-bonded based 
solidification proce~ses.~' 

~ 

Hydrogen G-Value 
Monolith (molecules of HJlOO eV 

No. deposited ionizing energy) 
1 0.303 

2 0230 
3 0.2 15 

4 0.164 
5 0.134 

6 0.167 
7 0.0597 

Scanning from left to right in Figure 2, the order of 
data points correspond to monoliths 7,5,4,6,2,3, and 
1. It should be noted that the "wt?h water" axis in 
Figure 2 refers only to added water and its relative 
hction of the total final monolith mass (as detailed in 
Table 1) and does not attempt to account for water 
produced in the desired acid-base binding reaction(s). 

As stated previously, this data gathering is intended 
only to bracket gas generation potentials and does not 
suppose to develop a conclusive predictive model of 
radiolysis in CBC waste forms. Nonetheless, a simple 
regression fit to the data, first order with respect to 
added water weight percent and first order with respect 
to residual organic weight percent, has been performed 
(3 = 0.98) The perimeter of the plane formed by this fit 
is included in Figure 2. The statistics of this fit estimate 
the G-value for hydrogen to increase by 0.024 for each 
weight percent of added water (relative to final mass) in 
excess of stoichiometric requirements and, similarly, the 
regression tit estimates the G-value for hydrogen to 
increase by 0.028 for each weight percent of residual 
organic material present in the final waste form. For 
both excess water and residual organic matter, the 
G-value response seems quite linear. A most important 
observation to be gleaned from the plot of Figure 4 is 
that hydrogen G-value response for water is essentially 
zero at about 16 wt?? added water and less. This 
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Figure 2: Plot of Calculated Diatomic Hydrogen "G- 
Values" (i.e., Molecules of Hz Being Created and 

Released per 100 eV of Ionizing Energy Deposited) 
Versus the Two Principal Hydrogen Sources, Added 

Water and Added Residual Organic Matter (From IDC . 

420 Ash). Includes Planar Fit to Data (R' = 0.98) and 
Calculated Target Performance Plane at G = 1.3. 

Figure 2 also includes, at the top of the plot, a 
perimeter defining a plane at the G-value equals 1.3 
level. This plane represents an approximate 
performance specification against which the actual 
G-value data may be considered. This performance 
specification estimate was backcalculated as the 
hydrogen gas generation response of a final waste form, 
regardless of type, that would produce a 5 % hydrogen 
concentration within the outsfdrum fkee space volume 
of a TRUPACT-11 shipping package (approxhatelY . '  

three cubic meters) during a sixty day accumulation iG 
period (per TRUPACT-I1 rquirements) with a S O W  .m 
term of fourteen pipe component-indrum waste 

- 



packages each of which contains 167 grams of Pu-239 
and associated other actinides in a typical weapons grade 
distribution. This calculation attributed a collective 
2E+26 eV of ionizing energy to be deposited in the 
described system with relative nuclide-specific 
contributions to net ionizing energy deposition for the 
composition as follows: Pu-238,2.2 %; Pu-239, 70.1 %; 
Pu-240, 16.1 'YO; Pu-24 1, trace; Pu-242, trace; and Am- 
241, 11.6%. 

calling our attention to the fifty year old technology of 
acid-base cementation as a viable and now seemingly 
obvious option for waste stabilization and Y. Macheret 
of the DOE'S Idaho Operations Ofice for both seeing 
the connection between ash-based cold ceramification 
and the Rocky Flats ash residues and for recognizing 
ANL-W's Pu handling and chemistry facilities as an 
ideal location for this demonstration. 

REFERENCES 
CONCLUSIONS AND DISCUSSION 

Monolith fabrication with Pu-containing ash 
residues proceeded without abnormal occurrences. 
Neither the IDC 420 ash nor the IDC 421 ash heel 
stabilized in this study resisted stabilization by the acid- 
base cementation process discussed herein. Mixing 
properties, reaction rates and setting times with the Pu- 
bearing materials in an air-atmosphere glovebox were no 
different than without Pu and outside a controlled 
atmosphere. There is no known reason to consider some 
portions of the ash inventory at WETS to have 
constituent properties significantly different from the ash 
and ash heel stabilized in this project. It is, therefore, 
concluded that CBC is a viable technology for WETS 
ash residue stabilization. 

As the fabricated test array included a wide range of 
residue waste loadings ranging from less than ten to 
almost fifty percent, (refer to Table I), it may be 
concluded that the process is versatile and will easily 
accommodate various waste feed concentrations in a 
stabilization campaign which also meets strict pipe 
component fissile loading requirements. 

Radiolytic hydrogen generation with@ CBC 
monoliths seems to be within acceptable limits. Or, 
more precisely, insight has been gained to direct CBC 
production to ensure that radiolytic hydrogen generation 
will be within acceptable limits. The data presented here 
provides two clear directives for operational planning in 
acid-base cementation of WETS ash residues. These 
are 1) water addition should be at levels to support 
reaction stoichiometry (about 16 wt% of constituent '.. . ! 
additions) while avoiding excess and 2) 
blendingbatching should be employed to keep organic 
concentrations low. 
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ABSTRACT 

Radiolytic gas productian during long-term storage of triti- 
ated waste was estimated from gamma and alpha rad io lys i s  tests 
t o  determine the extent of pressurizat ion i n  sealed containers.  
'Mo forms of simulated wastes were i r r ad ia t ed  with 6oCo gamma 
rays  o r  2'4Cm alpha p a r t i c l e s :  concrete f o r  so l id i f i ca t ion  of 
t r i t i a t e d  water and vermiculite f o r  so l id i f i ca t ion  of t r i t i a t e d  
octane o r  vacuum pump o i l .  Results of these t e s t  i r r ad ia t ions  
were used t o  estimate the  e f f e c t s  of beta  radiolysis .  For con- 
crete, t h e  gamma and alpha r ad io lys i s  resul ts  predicted t h a t  HZ 
w i l l  be formed by tritium beta  particles with an i n i t i a l  r a t e  
of 0.1 t o  0.3 molecule for every 100 e V  of energy absorbed. 
as the  H2 pressure increases ,  t h i s  100-eV yield decreases because 
of a reac t ion  removing H2. Eventually, a steady s t a t e  pressure 
that depends on the rad ia t ion  in t ens i ty  w i l l  be a t ta ined.  
i n t e n s i t i e s  less than l o 5  rads/hr ,  the steady state pressure w i l l  
be less than 20 psi .  0 2  i n  the  a i r  sealed with the  concrete w i l l '  
be almost completely depleted,  and N2 w i l l  be unaffected. For 
t he  organic materials sorbed onto vermiculite,  the gamma and alpha 
r ad io lys i s  r e s u l t s  predicted t h a t  H2 and t races  of CH4 and CO2 
w i l l  be produced. For tritium beta  p a r t i c l e s ,  the 100-eV yie lds  
for Hz based on energy sorbed by the organic mater ia ls  a r e  4.4 
for octane and 2.2 for vacuum pump o i l .  In  the  containers,  steady 
state H2 pressure w i l l  not be a t ta ined  a t  pressures up t o  a t  least 
200 p s i .  
pleted and N2 w i l l  be unaffected. 
duction was used t o  ca lcu la te  pressure increases i n  conceptual 
t r i t i a t e d  waste packages. 

A l s o ,  

For 

As with the  concrete, 0 2  w i l l  be near ly  completely de- 
The 100-eV yield for Hz pro- 
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RADIOLYTIC GAS PRODUCTION FROM TRITIATED WASTE FORMS 
GAMMA AN0 ALPHA RADIOLYSIS STUDIES 

I NTRODW: TION 

Various types of waste mater ia l s  containing tritium, ’H, 
from nuclear processing f a c i l i t i e s  are incorporated i n t o  s o l i d  
mater ia ls  and packaged f o r  long-term s torage  and i so l a t ion  from 
the  environment. Current s o l i d i f i c a t i o n  methods a r e  incorpora- 
t i o n  i n t o  cement-plaster mixtures for aqueous wastes and sorpt ion 
onto vermicul i te  f o r  organic  wastes.’ These materials  a r e  then 
sealed i n  s t e e l  drums for storage.  
such as incorporation i n t o  s t a b l e  organic polymeric materials a r e  
a l s o  being invest igated . 

Other s o l i d i f i c a t i o n  methods 

During long-term s torage  of the  waste, 3H beta rad io lys i s  
of t h e  water o r  organic materials w i l l  produce HZ gas, 
eventua l ly  pressurize  t h e  containers  o r  produce flammable gaseous 
mixtures. 
compounds has been ex tens ive ly  s tudied i n  the  pure s t a t e ,  3 D 4  
mater ia l s  have not been i r r a d i a t e d  i n  matrices su i tab le  for 
storage of radioact ive waste. 
of r ad io ly t i c  gas behavior can be made from r e s u l t s  of  rad io lys i s  
of the pure compounds, t h e  pressur iza t ion  o r  flammability hazards 
during long-term s torage  can bes t  be evaluated from radio lys i s  
of the waste form i t s e l f .  

HZ could 

Although the  r ad io lys i s  of  water and of many organic 

Even though c e r t a i n  predict ions 

This report  presents  an est imat ion of H2 production from 
in sit14 beta radiolykis  of a concrete containing t r i t i a t e d  water. 
and of vermiculite containing sorbed t r i t i a t e d  organic waste. 
Estimates were based on exgerimental da ta  fo r  the 100-eV y ie lds  
of HZ from 6oCo gamma and “Cm alpha r ad io lys i s  of the  two waste 
forms; The estimated rate of H2 for ’H beta  rad io lys i s  was i n t e r -  
polated from t he  r a t e s  of gamma and alpha r ad io lys i s  as a function 
of l i n e a r  energy t r a n s f e r  (LET) of the three  rad ia t ions .  
the  average amount of energy l o s t  per unit path length as the 
r ad ia t ion  passes through a substance, s t rongly  a f f e c t s  the  
e f f i c i ency  of r ad io ly t i c  decomposition and, consequently, gas 
production.’ 

y ie ld  fo r  H2 production f o r  ’H beta  r ad io lys i s  was estimated, 
t h i s  value was used t o  c a l c u l a t e  pressure increases  i n  containers  
of t r i t i a t e d  waste. 

LET, 

The LET values  for 6oCo gamma and 244Cm alpha 
r ad io lys i s  bracket t h a t  of ’H beta r ad io lys i s .  5 Once the  100-eV 



This approach was chosen r a t h e r  than  using 'H as t h e  r ad i -  

For gamma r ad io lys i s ,  many 
a t ion  source because t h i s  laboratory i s  espec ia l ly  su i ted  f o r  
gamma and alpha rad io lys i s  s tud ie s .  
experiments could be performed over a wide dose and dose r a t e  
range with any of four .60Co sources. 
f i c i e n t  244Cm was avai lable  along with f a c i l i t i e s  f o r  e a s i l y  per- 
forming several  such experiments. 

For alpha r ad io lys i s ,  suf -  

Samples of concrete or  vermicul i te  containing sorbed organic 
mater ia l  were i r rad ia ted .  These samples were sealed i n  steel con- 
t a i n e r s  tha t  had attached pressure gauges and sampling valves.  
During r ad io lys i s ,  the pressure was monitored; a f t e r  r ad io lys i s ,  
the  gas was sampled and i ts  composition was determined by gas 
chromatography. 

GAMMA. AND ALPHA RADIOLYSIS OF CONCRETE WASTE 

A mixture of portland cement and gypsum-perlite plaster i s  
1 curren t ly  used for s o l i d i f i c a t i o n  of t r i t i a t e d  aqueous waste. 

The waste water i s  mixed with t h e  dry  cement-plaster powder i n  
the  r a t i o  of nominally 1:1.7 by volume o r  1:1.4 by weight with 
0.8 g/mL as t he  bulk densi ty  of t h e  dry  material. 
r ad io lys i s  tests, the concrete was c a s t  i n  a g lass  container  with 
an at tached pressure gauge and sampling valve. 
gauge and sampling valve were separated from the i r r a d i a t i o n  con- 
t a i n e r  by several  f e e t  of 1/8-inch-ID s t e e l  tubing. 
r ad io lys i s  tests were performed i n  glove boxes. 
dissolved i n  the  water used t o  make the  concrete,  thus ensuring 
t h a t  24'Cm was i n  d i r ec t  contact  with t he  compounds of  t h e  con- 
crete. 
then sealed t o  a pressure gauge and sampling valve. 

. 
For t he  gamma 

The pressure 

The alpha 
The zr4Cm was 

Each concrete sample w a s  cast i n  a s t e e l  tube t h a t  was 

Gama Radiolysis Tests 

The gamma r ad io lys i s  tests determined the e f f e c t s  of  dose 
r a t e  and t o t a l  dose on the  rate of H2 production. 
these tests indicated t h a t  t h e  i n i t i a l  rate of H2 production was 
proportional t o  dose r a t e .  However, i n  terms of molecules pro- 
duced per  100 eV of energy absorbed (C va lue) ,  the rate was inde- 
pendent of dose r a t e  and was 0.03 molecule/100 eV from 8.9 x 10' 
to 2.6 X lo' rads/hr.  As the  r ad ia t ion  dose increased and conse- 
quently t h e  Hz pressure increased, t he  H2 pressurizat ion rate de- 
creased u n t i l  eventually a s teady  state pressure was a t ta ined .  
This i nd ica t e s  t h e  occurrence of a r a d i o l y t i c  .back reac t ion  re -  
moving H2. The magnitude o f  t h i s  s teady state pressure decreased 
with t he  dose rate,  
r ad io lys i s  of another type of concrete  containing simulated f i s s i o n  
product wastes.6 In these gamma rad io lys i s  tests, 0 2  i n  the  a i r  
sealed in  the  container was p a r t i a l l y  consumed and N2 was unaffected.. 

Results of 

This behavior has a l s o  been observed i n  gamma 
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ReeuZts and Discussion 

Radiolyt ic  pressure increases  for two samples o f  concrete 
i r r a d i a t e d  i n  conta iners  of nea r ly  equal f ree  volumes a re  shown 
i n  Figure 1. The attainment of steady s t a t e  pressures t h a t  are 
dependent on dose rate is c l e a r l y  indicated.  
the end of the  tests was 70% HP, 27% NP, and 3% 02.  Comparison 
of the  individual p a r t i a l  pressures before and after r ad io lys i s  
confirmed t h a t  H 2  was the  only gas produced, 
unaffected by t he  r ad io lys i s ,  and 0 2  was Q758 consumed. 
consumption has  a l s o  been observed i n  r ad io lys i s  of the concrete 
containing simulated f i s s i o n  product waste.' Data i n  Figure 1 
a l s o  ind ica t e  t h a t  t h e  i n i t i a l  H2 production r a t e  is higher a t  
t he  h igher  rad ia t ion  in t ens i ty .  However, when based on the 
amount of energy absorbed, the  production rates were equal. 

Gas composition a t  

Also, N P  was 
0 2  

5 0  I f I I 

i 
I I 1 I 1 

100 200 300 400 

Irradiation Time, hr 

FIGURE 1. Pressurizatfon from Gamma Radiolysis o f  Concrete at 47°C 
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G(H2) was ca lcu la ted  from 

where 

S = i n i t i a l  slope, p s i /h r  

V = gas volume, l i t e r  
- + 

N = Avogadro’s number, molecules/mole 

R = gas constant,  ps i  (liter/mole).(OK) 

T = temperature, O K  

M = mass of cement i r r ad ia t ed ,  g 

I = dose rate, rads/hr 

C = conversion fac tor ,  6.24 * 10’ eV(g) (rad) 

For both samples, G ( H p )  was 0.03 50.01 molecule/100 eV. 

To determine the rad ia t ion  i n t e n s i t y  dependence of the 
steady state pressure over a wider dose rate range, samples 
were i r r ad ia t ed  at two lower dose r a t e s  (3.9 X lo5 and 8.9 X 10‘ 
radsfir). A t  these dose ra tes ,  i r r a d i a t i n g  the samples was 
impractical . 
with H 2  u n t i l  r ad io ly t i c  H 2  pressurizat ion ceased. 
a l l  four  dose rates are shown i n  Figure 2; the e r r o r  bars indicate  
the reproducib i l i ty  of the  t e s t s .  This attainment of a steady 
s t a t e  pressure and i ts  dose rate dependence are consis tent  with 
the  free radical model for H2 production from gamma r ad io lys i s  
of water. ’ The oxide components of the cement and plaster are  
not d r a s t i c a l l y  a l t e r i n g  the  rad ia t ion  chernigt-* of t he  water. 
In the free rad ica l  mdel, H2 is formed by recombination of 
H atoms produced by t he  rad ia t ion  and destroyed by OH radicals ,  
the other.major species  produced by radiolysis of water. 
nent react ions are 

Thus, the  sample containers were back -pressuri  zed 
Results for 

Perti- 

H 2 0  -t H + OH (2) 

H + H + H z  (3) 

OH + H 2  * Hz0 + H (4 1 
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lo3 10' los IOC 10' I Oa 
Radiation Intensity, rads/hr 

FIGURE 2. Effec t  of Dose Rate on Steady State Hz Pressure 
from Gamma Radiolysis o f  Concrete 

When the rates o f  Reactions 3 and 4 become equal, a steady state 
H2 pressure is  a t t a ined .  
of both 3 and 4 but increase 3 faster because 3 involves two 
radicals. '  
necessary t o  compensate for the  l a r g e r  increase i n  the rate of 3. 

obtained a t  the higher  dose rates. 
t i a l l y  consumed, and N2 was unaffected. The steady state Hi 
pressure was independent-of the gas volume. This pressure was 
a l s o  observed i n  gammabradiolysis of concrete containing simulated 
f i s s i o n  product waste. 
obtained a t  the same dose rate whether t he  concrete sample was 
cured 1 or  20 days. Results were a l s o  ident ica l  within water: 
cement-plaster volume r a t i o s  of 1:1.7 t o  1:4,3 (1:1.3 to 1:3.4 
by weight) with 0 . 8  g/mL as t h e  bulk  densi ty  of the  dry material. 

Higher dose rates increase the rates 

Thus, a t  higher dose r a t e s ,  higher H2 pressures are 

Tests a t  8 . 9  x 10' and 3.9 X l o 5  rads/hr agreed with those 
G(H2) was 0.03, 0 2  was par- 

Identical  pressurizat ion rates were 

A f ina l  gama rad io lys i s  test determined the  extent o f  02 
depletion from the  air sealed with the concrete. 
tests, the  e n t i r e  gas was removed from t he  sealed system for  
ana lys i s  because ear l ier  results had shown t h a t  incomplete 
mixing occurred during r ad io lys i s  due t o  the small tubing 
connecting the i r r a d i a t i o n  container t o  the  pressure gauge and 
sampling valve. In absence of these l a t te r  components, 95% of 
the  02 was consumed r a t h e r  than %75% as found earlier.  Another 

In previous 
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and sampling valves. The range o f  t h e  alpha p a r t i c l e s  i n  the  
concrete  is W.01 nun; thus, a l l  t h e  alpha energy was absorbed 
by t h e  sample. For four  tests w i t h  11.5 g of concrete and 0.84 
t o  32 mg of 244Cm, G(H2) was independent of  the amount of 2b4Cm 
and was 0.6 molecule/100 eV. 
t h a t  obtained f o r  gamma rad io lys i s .  This increase is not unex- 
pected because G(H2)  from l iqu id  water is  lL4 times la rger  f o r  
alpha than f o r  gamma radiat ion.3 
was p a r t i a l l y  consumed and N2 was unaffected.  In contrast  t o  
gamma r ad io lys i s ,  a steady state pressure  was not a t ta ined even 
a t  ~ 2 0 0  p s i  H2.  
a l so  observed i n  another study concerning alpha rad io lys i s  of 
concrete containing simulated f i s s i o n  product waste. 

This value  is  20 times l a rge r  than 

As with gamma rad io lys i s ,  0 2  

Fa i lure  t o  a t t a i n  a steady s t a t e  pressure w a s  

6 

ResuZts and Discussion 

Figure 3 shows the  r a d i o l y t i c  pressure increase f o r  a sample 
of concrete  containing 0.84 mg of  * 'Cm. 
test ,  t h e  gas composition was 54% NO, 40% H 2 ,  and 6% 0 2 .  Com- 
parison of p a r t i a l  pressure of N2 and 0 2  before and a f t e r  radioly-  
sis indicated t h a t  N2 was unaffected and 0 2  was 260% consumed, 
G(H2)  was calculated from 

A t  t he  end of t h i s  

where a l l  t he  quan t i t i e s  except t h e  dose rate I a re  ident ica l  
t o  those defined on page 8 f o r  t h e  amma rad io lys i s  t e s t s .  I 
was ca lcu la ted  from the  amount of 2 4 ' ~  present,  i ts s p e c i f i c  
a c t i v i t y  (80.9 Ci/g),'O and t h e  energy of  its alpha p a r t i c l e s  
( 5 . 8  MeV)." For four separate  tests with 0.84, 6.6 ,  13, and 
32 mg of 24'm# G(H2)  was 0.63 +-0.07 molecule/100 eV. 
r a t e  fo r  these  amounts of 244cSn was 7.5 X l o 4  t o  2.8 x.10' 
rads/hr ,  and indicated,  i n  agreement with t h e  gamma rad io lys i s  
r e s u l t s ,  t h a t  G(H2) was independent of dose rate. 

The dose 

Radiolytic pressurizat ion i n  another alpha rad io lys i s  test  
is shown i n  Figure 4 .  
steady s t a t e  pressure was not a t t a ined  even a t  200 p s i .  Fa i lure  
t o  a t t a i n  a steady s t a t e  pressure,  as i n  gamma radiolysis ,  prob- 
ably r e s u l t s  from t h e  d i f f e ren t  modes of energy t r ans fe r  by the  
two rad ia t ions .  
(+2) and mass (4 amu) l o se  energy much f a s t e r  than gamma rays.  
This loss of energy creates regions where the  concentrations of 
H and OH r ad ica l s  a r e  much higher than with gamma rad io lys i s .  
Radical recombination react ions such as those fonning H2 are 
favored over such as those removing H2. Because the reac t ion  
removing HZ is not  as e f f i c i e n t ,  a s teady s t a t e  pressure is not  
a t ta ined .  

This t e s t  was made t o  demonstrate t h a t  

Alpha p a r t i c l e s  because of t h e i r  high charge 

This phenomenon a l so  occurs i n  the  rad io lys i s  of 

- 11 - 
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l i qu id  water where alpha r a d i o l y s i s  causes continuous H2 produc- 
t i on ,  and 
pressures.‘ This s i m i l a r i t y  between H2 production from concrete 
and water again suggests t h a t  t h e  metal oxides of the concrete 
do not  s i g n i f i c a n t l y  a l te r  the  rad ia t ion  chemistry of the water 
even though it is incorporated i n  the  concrete. 
i t y  is. t h e  higher value of G(H2)  for alpha rad io lys i s .  
higher value i n  water a l s o  r e s u l t s  from the  higher rad ica l  con- 
cent ra t ions  caused by alpha p a r t i c l e s .  

anma r ad io lys i s  leads  t o  very low steady state H2 

Another s imilar-  
This 

IO 
FIGURE 3 Q 

Radiolysis o f  2 

m 
Y) 
-- 

Pressurization 4 3 
1 5 -  from Alpha 

0 I c 1.3 x Id rodr/hr 
I I 

M = 11.5 g 
V = 31.8 mL - - 

c / O -  

- lo 3 

I - 40’0 - 

500 I000 1500 
Irradiation Time. hr 

Concrete a t  2 3 O C  - 
0 0 ”  I I 

I I I 

0- I I I 
1 0 0  200 300 

Irradiotion Time, hr 
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ExperhentaZ Procedures 

For t h e  rad io lys i s  tests, 6.5  g o f  t he  dry cement-plaster 
material was mixed i n  a steel t es t  tube 0.9-cm I D  by 10-cm long 
w i t h  5 mL of 0.01M HzSOt, containing a known amount of 2 4 4 C m .  
The amount o f  ‘“Cm was detemined by p r i o r  absolute alpha count- 
ing  an al iquot  of t h e  solut ion.  
possibl  
of t h e  “‘Cm. 244c111 was redissolved with O . O l M  H ~ S O I ,  because alpha 
rad io lys i s  of NOT ions produces 0 2 , ”  which might have l e d  t o  
addi t ional  pressurization from t h e  concrete. After t h e  concrete 
had cured for at  least 16 hours, t h e  tube was sealed t o  a pressure 
gauge and sampling valve. After t h e  experiment, e s sen t i a l ly  a l l  
t he  gas was expanded i n t o  an evacuated sampler t h a t  was then re- 
moved from the  glove box. The gas w a s  analyzed by gas chromatog- 
raphy. The gas volume i n  t h e  system containing the  concrete was 
determined as i n  t h e  gamma rad io lys i s  t e s t s .  

Also, p r i o r  t o  mixing, NO; ions 
resent w i t h  the  244Gn were destroyed by mild calcinat ion 

GAMMA AND ALPHA RADIOLYSIS OF SOLIDIFIED ORGANIC WASTE FORM 

The organic waste form i r r ad ia t ed  was organic materials 
sorbed onto vermiculite. 
t ive  mineral (hydrated magnesium-aluminum-iron silicate) is 
curren t ly  used for  s o l i d i f i c a t i o n  of organic vacuum pump o i l s  o r  
organic cleaning solvent contaminated w i t h  tritium. 
study, Duo SeaZ* vacuum pump o i l  and research-grade n-octane were 
used. 
each gram o f  vermiculite. 
was sealed i n  a steel i r r ad ia t ion  container connected t o  a 
pressure gauge and sampling valve as i n  t h e  concrete rad io lys i s  
tests.  
sulfate  solution, was sorbed onto t h e  vermiculite. The water 
was then evaporated by heating the vennicul i te ,  and the  organic .  
material was added. This ensured t h a t  t he  2‘4Cm was i n  direct 
contact with the  vermiculite and organic material. 
w a s  placed i n  a steel tube tha t  was sealed t o  a pressure gauge 
and sampling valve. 

Vermiculite, a porous, highly absorp- 

For t h i s  

Usually, 2 . 5  mL of t h e  organic material w a s  sorbed onto 
For gamma rad io lys i s ,  t h e  mixture 

I n  the  alpha r ad io lys i s  tests, *‘krn, as an aqueous 

The mixture 

Gama Radiolysis Tests 

Gamma rad io lys i s  tests indicated t h a t  H2 and small amounts 
of COz and CHI, were produced, N2 was unaffected, and 02 was con- 
sumed. In cont ras t  t o  gamma rad io lys i s  of concrete, steady s ta te  
H2 pressure was not a t ta ined.  Also, t he  r e s u l t s  indicated t h a t  
only energy sorbed by the organic material  produced H 2 .  Energy 
sorbed by the vermiculite was not  t ransfer red  to the  organic 
material t o  produce Hz. Finally, a s l i g h t  dose r a t e  dependence 

~~ __ 
* Trademark of Welch S c i e n t i f i c  Company. 
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f o r  G ( H p )  was observed. 
vanished, and G(H2) based on energy sorbed only by the organic 
mater ia l  was 4 . 6  molecules/100 eV fo r  the octane and 2.0 for the  
vacuum pump o i l .  

A t  low dose r a t e s ,  the dependence 

ResuZts and Discus8ion 

Radiolytic pressurizat ion a t  a dose r a t e  of 1 . 4  X l o 7  rads/hr 
is shown in Figure 5 .  
a t t a ined  with e i t h e r  n-octane o r  vacuum pump o i l .  
indicated t h a t  the evolved gas was nominally 96% HP, 3% CO2, and 
1% CH4 i n  each case. 
i n  each test, and N2 was unaffected. The G values for gas pro- 
duction were calculated from Equation 1 where M is now t h e  mass 
o f . v e d c u l i t e  and organic material i r rad ia ted .  
2.1 moleculcs/100 eV for n-octane and 1.2 for vacuum pump o i l .  
G values for the  individual gas components were obtained by 
inultiplying the above G value times the  f r ac t ion  of tha t  gas 
present. 

Clearly,  a steady state  pressure was not 
Gas analysis 

Approximately 50% of the 0 2  was consumed 

Results were 

200 

QI 
Y) 
Q 
.- 

f '0° E 
ft. 

0 
10 2 0  30 40 5 0  60 70 

Irradiation Time, hr 

FIGURE 5. Pressurization from Gama Radiolysis o f  
Organic Matertal at 3 1 O C  
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Tests at 1.4 x lo7 rads/hr determined how the amount of 
organic material sorbed onto the vermiculite affected G(H2). 
The results (Figure 6) indicated that G(H2) was directly pro- 
portional to the amount of organic material present and predicted 
that radiolysis of dry vermiculite should produce no H2. This 
prediction was confirmed by irradiating vermiculite containing 
no organic. 
that energy sorbed by the vermiculite does not cause the organic 
material to decompose to form Hi. Similar results were obtained 
for the small yields of C02 and CH4. 

The linearity of the data in Figure 6 indicates 

/' OOctona U 011 

0 0.5 1.0 
Moss F rocfion of Organic Materiot 

FIGURE 6. Dependence of G(H2) on Mass Fract ion o f  
Sorbed Organic Material 
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To determine the dose rate dependence of G(Hz), samples 
were i r rad ia ted  a t  lower dose rates (1.5 X l o s  and 4 . 8  x l o 5  
rads/hr). A typical r e s u l t  i s  shown i n  Figure 7.  The i n i t i a l  
pressure decrease was due t o  0 2  being consumed f a s t e r  than H2 
was produced, 
and 4% 02. 
radiolysis  indicated t h a t  N 2  was unaffected and 0 2  was Q O %  
consumed. 
t o t a l  dose t o  the  organic material  (not the vermiculite) was 
1.9 molecules/100 eV. Because H 2  was the only  gas evolved i n  
s ignif icant  quantity,  G(H2)  could a l s o  be calculated from t he  
f i n a l  posi t ive slope i n  Figure 7 and the dose rate. 
(1.8 molecules/100 eV) agrees with t h a t  calculated f r o m  t h e  
composition. The dose rate dependence f o r  G(H2) (again based 
only on the  energy sorbed by the organic material) f o r  the o i l  
and. f o r  n-octane i s  shown i n  Figure 8 .  
rads/hr were obtained by extrapolating the  da ta  i n  Figure 6 t o  
an organic mass f r ac t ion  of 1.0. 
rate dependence of G(H2)  vanished f o r  both materials. The value 
of 4.6 molecules/100 e V  f o r  the  sorbed n-octane agrees with the 
value obtained when pure l iqu id  n-octane was i r rad ia ted .  This 
agreement indicates  t h a t  sorption onto vermiculite does not s ig-  
n i f ican t ly  a f f e c t  t he  rad ia t ion  chemistry o f  the  n-octane. Also,. 
t h i s  agreement indicates ,  as do t he  da ta  i n  Figure 6, t h a t  energy 
forming H2 is not being transformed from vermiculite t o  t h e  or- 
ganic material. 

The f i n a l  gas composition was 238 H2, 73% N P ,  
Comparison of the pa r t i a l  pressures before and a f t e r  

G(H2) calculated from the  f ina l  gas composition and 

The r e su l t  

The values a t  1.4 x l o 7  

A t  low dose rates, t h e  dose 

The 100-eV consumption o f  02 [ G ( - 0 2 ) ]  was calculated from 
the data  in Figure 7. 
from the  f ina l  gas composition. The dose necessary fo r  t h i s  con- 
sumption was calculated from the  dose r a t e  and the  time indicated 
i n  Figure 7 where pressure started t o  increase again. 
data i n  Figure 7, G ( - 0 2 )  was 5.6 molecules/100 eV.  
n-octane, C ( - O z )  was 5 . 0  molecules/100 eV. Oxygen is  consumed by 
reaction with r ad io ly t i ca l ly  produced organic r ad ica l s  on the  
vermiculite t o  form peroxides tha t  eventually lead t o  aldehydes, 
ketones, or carboxylic acids.  
because it was apparently unable t o  d i f fuse  from t h e  pressure 

. gauge, sampling valve, and associated tubing into t he  radiat ion 
f i e l d  where it could react. 
removed where near ly  a l l  the  gas volume was i n  t he  rad ia t ion  
f ie ld ,  W58 of t he  02 was consumed. 

The molecules of 0 2  consumed were calculated 

For the  
In a test with 

Oxygen was not completely consumed 

In tests with the  gauge and valve 

Another gamma rad io lys i s  test was performed t o  determine 
whether a steady state Hz pressure might r e s u l t  a f te r  complete 
0 2  consumption. 
sample was i r r ad ia t ed  in an argon atmosphere. After 64 hours, 
the  H2 pressure was 200 psig and s t i l l  increasing l i nea r ly  
indicating no approach t o  a steady state pressure. 
increase r e s u l t s  from l a c k  of a back react ion removing H 2 .  

A t  1.4 X l o7  rads/hr, an octane vermiculite 

This pressure 
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Generally, the  organic r ad ica l s  ( R e )  a r e  not  energetic enough 
t o  r eac t  with H2 (Reaction 8 ) ;  thus,  a steady s t a t e  is not 
a t t a ined .  ’ 

R *  + H 2  + RH + H (8) 

This t e s t  is i n  contrast  t o  water r ad io lys i s  where a steady s t a t e  
i s  a t t a ined  because of the  react ion between OH and He. 

EzpeAmentaZ Procedures 

For the t e s t s  at  1.4 x lo’ rads/hr  with the submerged 6oCo 
source, samples were i r r ad ia t ed  i n  s t e e l  t e s t  tubes 20-cm long 
by 2.8-CUI I D .  Approximately 40 g of  the  mixture (2 g organic/g 
vermiculite) was placed in  the  tube, and the tube was sealed t o  
8 pressure gauge and sampling valve by Q25 f t  of 0.1-cm-ID tubing. 
To decrease the vo la t i l i za t ion  of n-octane because of  g a d  heat-  
ing during rad io lys i s ,  the tube was enclosed by c o i l s  fo r  water 
cooling. 
were i r r ad ia t ed  in  SOO-cc b o t t l e s  as with the concrete rad io lys i s  
t e s t s .  
w i t h  the Fricke dosimeter.g 
t o  those described for  the concrete r ad io lys i s  t e s t s .  

For the  t e s t s  wi th  the  66Co Canonace22 220, Q300-g samples 

Dosimetry was performed with thin-f i lm dosimeters’ o r  
A l l  o ther  procedures were ident ica l  

A1 pha Radiolysis Tests 

Alpha rad io lys i s  tests indicated that, as with gamma radio- 
l y s i s ,  H2 was t h e  most s ign i f i can t  product. Traces of CHI, were 
a l s o  produced, and 0 2  was consumed. For n-octane, G(H2)  was 4 . 2  
molecules/100 e V ,  near ly  equal t o  the value found for gamma rad i -  
o l y s i s  (4.6). For the  pump o i l ,  G(H2)  was 2.7 , s l i g h t l y  higher 
than tha t  obtained for gamma r ad io lys i s  ( 2 . 0 ) .  

Radiolytic pressure increases  for two tests with n-octane 
containing 7.2 and 4.3 mg of 244Cm a r e  shown i n  Figure 9. 
the  end of t he  tests, gas composition for each was nominally 60% 
H2, 251 N2, 3% CHI,, and 2% 0 2 .  Comparison of the  p a r t i a l  pres- ‘ 

sures before and a f t e r  r ad io lys i s  ind ica tes  t h a t  N2 was unaffected 
and 0 2  was 90% consumed. 
slopes i n  Figure 9, t h e  dose rate (calculrrted fmm the amount of ‘ “*C;:I present) ,  and the  volume of gas produced. Based on energy 
sorbed by t h e  organic material ,  G(H2) was 4 . 2  molecules/100 eV 
for the  higher dose r a t e ,  and 4 .3  f o r  t he  lower, indicat ing no 
dose r a t e  e f f e c t .  Alpha r ad io lys i s  of t h e  vacuum pump o i l  w a s  

A t  

G(H2) values  were calculated from t he  
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FIGURE 9. Pressurization from Alpha Radiolysis of 
Octane Sorbed onto Vermiculite at 23°C 

studied a t  only one dose rate (Figure 10).  
the  end of the tes t  w a s  73% Hi, 25% N2, 1% CHI,, and 0.7% 0 2 .  
was 945 consumed, and N2 was not  a f fec ted  by radiolysis..  
was 2.7 molecules/eV. 

Gas composition a t  
0 2  

G(H21  

ExperimntuZ Procedures 

The i r r a d i a t i o n  containers were i den t i ca l  t o  those used i n  
alpha rad io lys i s  tests of t h e  concrete samples (page 10). 
these tests, 2 .9  g of organic material  was sorbed onto 2.3 g of 
vermiculite. 
sorbed onto the vermiculite. 
ing the mixture t o  a constant weight. The organic material was 
then added, and the  m i x t u r e  was sealed i n  the s t e e l  tube with a 
pressure gauge and sampling valve. After the test, the gas was 
sampled and analyzed as i n  the concrete alpha rad io lys i s  t e s t s .  

In 

A known amount of 244Cm i n  an aqueous solution was 
7he water was then removed by heat- 
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30 

~. ~ 

0 T = 23OC -r V = 18.8 mL 

I= 1.4 x 10’ radr/hr 

(7.2 mg “‘Cm) 

10 

0 
0 50 100 

Irradiation Time, hr 

FIGURE 10. Pressurizat ion from Alpha Radiolysis o f  
Vacuum Pump Oil Sorbed onto Vermiculite 

- 20 - 



ESTIMATION OF G ( H 2 )  FOR TRITIUM BETA RADIOLYSIS 

G ( H 2 )  for 'H be ta  rad io lys i s  can be estimated from the G ( H 2 )  
values f o r  alpha and gama rad io lys i s .  
by the  three  types of r ad ia t ion . a re  expected t o  be ident ica l  
because a l l  th ree  t r ans fe r  energy t o  e lec t rons  of the material 
i r r ad ia t ed .  
dation t o  the  mater ia l .  Because of the d i f fe ren t  LET values of 
the radiat ions,  products may be formed with d i f f e ren t  100-eV 
yie lds .  F o r  example, with the concrete, G(H2) was 0.03 molecule/ 
100 eV for gamma rad io lys i s  and 0.6 for alpha rad io lys i s .  Sim- 
i l a r l y ,  f o r  l i qu id  water, G(H2) i s  0 . 5  f o r  gama rad io lys i s  and 
1.6 f o r  alpha r ad io lys i s .  
s p a t i a l  d i s t r i b u t i o n  o f  intermediates formed by the  rad ia t ions .  
In  water, LET values f o r  6oCo gamma, 'H beta ,  and 245Cm alpha 
rad ia t ions  a r e  0.02, 0.36, and 8.8 eV/AO, respectively. '  Although 
these parameters have no t  been determined i n  concrete or vermicu- 
l i t e ,  t h e i r  r e l a t i v e  values, 1.0, 18,  and 440  a r e  probably reason- 
ab ly  invar ian t  from system t o  system. 
r ad io lys i s  was estimated for each waste form from p lo t s  of G(H2) 
versus r e l a t i v e  LET values. 

Radiolytic products formed 

These energet ic  e lec t rons  then cause chemical degra- 

This difference r e s u l t s  from d i f f e ren t  

Therefore, G(H2) f o r  'H be ta  

G ( H p )  for Concrete Waste 

In Figure 11, t h e  two values f o r  G(H2) for concrete rad io lys i s  

The dashed line is a l i n e a r  in te rpola t ion  of the concrete 
a r e  p lo t t ed  along with da t a  f o r  G(H2) from l iquid water f o r  com- 
parison. 
da t a  and suggests t h a t  G(H2) f o r  3H-beta rad io lys i s  is 0.3 molecule/ 
100 eV.  By following the curvature of the data  for l i qu id  water, 
Q.1 is estimated. This estimate may be c loser  t o  the t r u e  value 
because HZ is  probably formed i n  the  two systems by the same mech- 
anism (recombination of H atoms). 
periments are performed with 'H beta  rays ,  the estimate f o r  G(H2) 
has t o  be 0.1 t o  0.3 molecule/100 eV. 

However, u n t i l  rad io lys i s  ex- 

G ( H 2 )  for Solidified Organic Waste 

The e f f e c t  of  LET on G(H2) is much l e s s  i n  rad io lys i s  of 
the organic mater ia l s  sorbed onto vermicul i te  (Figure 12) .  The 
values f o r  6oCo gamma rad io lys i s  were calculated at the  low dose 
r a t e s ,  
r ad io lys i s  can be estimated more accurately.  For the n-octane, 
4.4 molecules/100 eV is estimated; f o r  the  vacuw p u p  o i l ,  2.2 
is  estimated. 
pressurizat ion of  containers  of t r i t i a t e d  waste. 

Because of t h i s  smaller e f f e c t  of LET, values fo r  'H beta 

These values  were used t o  estimate r ad io ly t i c  
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RADIOLYTIC PRESSURIZATION I N  TRIT IATED WASTE CONTAINERS 

For long-term storage of tritium waste, the solidified mate- 

"his drum is then sealed in a metal 
rial is sealed in an appropriate primary container such as a 
metal or polyethylene drum.' 
drum that is, in some cases, sealed i n  another metal drum. From 
results of this study, pressurization rates and pressures in the 
primary drums can be estimated as a function of storage time if 
the tritium content and gas volume in the drums are known. 

Pressurization from Tritiated Concrete Waste 

Because of H2 production, containers of tritiated concrete 
However, because of 0 2  depletion, the rate of will pressurize. 

total pressurization will be less than that of H2 pressurization 
alone. Initially, the H2 pressurization rate is linear and is 
given by 

2 r - .  dPH RT G(H2) . 
dT NV 100 dt 

where 

R = gas constant, p s i  liter/mole O K  

T = temperature, O K  

N = Avogadro's number, molecules/mole 
V = gas volume in the container 

G ( H 2 )  = 0.1 * t o  0 . 3  molecule/100 eV 
dE - = dose rate from 'H beta decay, eV/day dt 

The dose rate is given by 

dE 3.7 X 10" d i s  8.6 x lo4 sec Cit E - =  
dt sec Ci day 

where 
Cit = curies of 'H present 
- 
E = average energy per beta particle, 5.69 keV14 
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- Because of t he  rad ioac t ive  decay of 'H, C i t  = C i t o e - X t  where 
C i t o  i s  the i n i t i a l  amount of 3H present and X is  i ts  decay 
constant (1 .S x lo-' day''). ' Equation 9 then becomes 

eV 
a=---- dPH RT G(H2) 1.8 X 10'' 

d t  NV 100 C i  .day 

Integrat ing Equation 11 gives  P as a function of time 
H2 

C i t  
(12) RT G ( H ~ )  1.8 x 1019 eV . . (1 - e 

=-e-. 
'H2 W 100 Ci, day 

As t h e  Hz pressure increases  i n  t h e  container,  t he  r a t e  of H2 
pressur iza t ion  decreases. 
l i shed  f o r  'H beta  rad iorys is  by da ta  obtained at  another lab- 
oratory* where a sample of s o l i d i f i e d  aqueous waste ( t r i t i a t e d  
water sorbed onto vermiculite) was sealed i n  a s t e e l  container.  
The pressure i n  t h e  container i n i t i a l l y  increased, but  eventu- 
a l l y  a t t a ined  a steady state (Figure 13). A t  steady s t a t e ,  t he  
H2 pressure based on gas composition was 11 p s i .  The remainder 
of the  gas was N2 and 0 2  along with t r aces  of He and D2. 
dose r a t e  i n  the waste (9 x l o 4  rads/hr)  was estimated from the  
t r i t i um content of t he  waste (1.7 X l o 5  Ci) and i t s  mass (14 kg 
water on %8 kg vermiculite).  l 6  When a similar mixture of water 
and vermicul i te  was gamma-irradiated a t  t h i s  dose rate a t  SRP, 
t he  steady s t a t e  H2 pressure w a s  9 52 p s i ,  i n  reasonable agree- 
ment with t h a t  obtained by 'H b e t a  r ad io lys i s .  This agreement 
ind ica tes  t h a t  'H beta  r ad io lys i s  effects can be simulated by 
6oCo gamma rad io lys i s  and t h a t  t h e  steady sta te  H2 pressure i n  
waste containers  can be estimated from Figure 2, i f  t h e  dose rate 
t o  the waste i s  known. A t  9 X lok rads/hr,  a steady s t a t e  pres- 
sure  of 14 psi predicted f o r  t he  concrete is reasonably c lose  to 
the 11 psi calculated f o r  the  water-vermiculite mixture. This 
agreement suggests t h a t  aqueous concrete  and vermicul i te  waste 
have near ly  equal s teady s t a t e  pressures  and is t o  be expected 
if t he  oxide s o l i d i f i c a t i o n  matrices.do not a f f e c t  t h e  rad ia t ion  
chemistry of H 2 0  s ign i f i can t ly .  

This pressure decrease has been estab- 

The 

The amount of pressurizat ion i n  a conceptual waste container 
The assumed container is  a 27-gallon drum w i l l  now be estimated. 

containing l o 5  C i  of tritium s o l i d i f i e d  in 20 gal lons of concrete. 
The void volume i s  7.1 gal lons (27 l i t e r s )  i f  the concrete is  
assumed t o  have a 10% porosity.  The i n i t i a l  H2 pressur iza t ion  

Letter from D. R. Storey, Monsanto Research Corporation, 
Miamisburg, Ohio, t o  R. L. Wainwright, USAEC, Miamisburg, 
Ohio, June 24, 1974. 
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FIGURE 13. Pressurization from 'H-B Radiolysis 
o f  Water Sorbed on to  Vermiculite 
(Data obtained from D. R. Storey, 
Monsanto Research Corporation, 
Miamisburg, Ohio, June 24, 1974) 

r a t e  at 23OC ca lcu la ted  from Equation 11 is 0.04 t o  0.12 psi/day 
depending on the choice f o r  G(H2)  (0.1 o r  0.3 molecule/lOO eV) . 
A t  these r a t e s ,  the gaseous mixture w i l l  become flammable (0.4% 
H2 or 0.6 p s i  H2) '' i n  approximately 6 t o  15 days assuming no 0 2  
depletion. Because of t h i s  depletion, however, longer times w i l l  
be necessary. In t h i s  container,  t h e  dose r a t e  is 1.6 X 10' 
rads/hr i f  a dens i ty  of 1 kg/L is assumed for the  concrete. 
From Figure 2, a s teady  state H2 pressure of <10 p s i  is predicted. 

Pressurization from T r i t i a t e d  Organic Waste 

Hz pressur iza t ion  rates from n-octane or vacuum pump o i l  
sorbed on vermiculite are given by 

z dPH x -0 RT G(H2) -dEeX 
d t  NV I00 dt 

X is the  mass f r a c t i o n  of organic material present, and G(H2)  
is  based on 100-eV energy sorbed by the  organic mater ia l .  
term (dE/dt)X is the  dose r a t e  to the  organic mater ia l .  
es t imate  of this dose r a t e  would be based on the e lec t ron  f r ac t ion  
of organic material  because alpha, beta ,  and gamma rad ia t ions  
primarily t r ans fe r  energy t o  the  e lec t rons  of a system." 

The 
A b e t t e r  

Using 
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t he  mass f r a c t i o n  in t roduces  an e r r o r  of -40% t h a t  i s  considered 
not  s i g n i f i c a n t  i n  these  r e s s u r e  estimations. Relat ing dE/dt 

g ive  
t o  t h e  i n i t i a l  curies o f  P H presen t  and i n t e g r a t i n g  Equation 11 

where 

I = 1.8 X l o L 9  eV/Ci*day 

Both t h e  gamma and a lpha  
simificant back r e a c t i o n  for 

r a d i o l y s i s  da t a  i n d i c a t e  t h a t  a 
H2 does no t  occur with t h e  organic  

material. 
as o rgan ic  material and 'H are p resen t .  
pre'ssure of H 2  af te r  decay of  a l l  t h e  'H has decayed i s  given by 

This i n d i c a t e s  t h a t  Equation 1 4  may be v a l i d  as long 
On t h i s  b a s i s ,  t h e  

C i t * I  

x RT G(H2)X. P ( f i n a l )  = -* 
H2 NV 100 

The p res su re  of 02 as a func t ion  o f  t ime is given by 

G ( - 0 2 ) X  C i t - I  
*-e (1 - e-At) RT 

w 100 x Po, = P;2 - -- 
i s  nominal ly  3 psi. The gamma and alpha r a d i o l y s i s  

d a t a  where i n  pgz icate t h a t  even tua l ly  02 w i l l  be e s s e n t i a l l y  depleted 
from t h e  gas  phase. 
t h e i r  c o n t r i b u t i o n  t o  the  t o t a l  p re s su re  w i l l  be neg l ig ib l e .  

CHI, and COZ w i l l  a l s o  be produced, but 

The p r e s s u r i z a t i o n  from t r i t i a t e d  o rgan ic  so lvent  sorbed 
onto ve rmicu l i t e  i n  a conceptual waste con ta ine r  w i l l  now be 
est imated.  The c o n t a i n e r  is a 27-gallon drum containing 10' 
C i  of tritium i n  7.4 ga l lons  of oc tane  or vacuum pump o i l  sorbed 
onto 20 g a l l o n s  of v e n h i c u l i t e .  With 0.7 g/mL as t h e  d e n s i t y  o f  
t h e  organic  material and 0.15 as t h e  bulk d e n s i t y  of vermicul i te  
(es t imated at SRL), t h e  r a d i a t i o n  dose rate is  5400 r ads f i r .  
The mass f r a c t i o n  organic  material is 0.64 and t h e  void volume 
is 69 l i t e r s  (with 2.3 g/mL as t h e  c r y s t a l  d e n s i t y  of t h e  vermi- 
c u l i t e ) .  G ( H 2 )  va lues  f o r  oc tane  and pump o i l  a r e  4.4  and 2.2 
molecules/100 eV, r e s p e c t i v e l y  (Figure 12) .  "he in i t ia l  pres- 
s u r i z a t i o n  rates are 0.044 and 0.02 psi /day,  respec t ive ly ,  f o r  
oc tane  and pump o i l .  
mixtures  become flammable i n  14 and 7 days,  r e spec t ive ly .  With 
02 dep le t ion ,  t h e s e  times become longer .  Eventually,  t he  02 
w i l l  be e s s e n t i a l l y  a l l  consumed. The f i n a l  pressures  of H2 
for  t h e  two materials a r e  310 ps i  f o r  t h e  octane and 155 ps i  
for t h e  vacuum pump o i l .  
final p r e s s u r e s  would be  generated.  

If no d e p l e t i o n  in OZ i s  assumed, the  

With l a r g e r  amounts of tritium, l a r g e r  
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DP-MS-76-51 

RADIOLYTIC GAS PRODUCTION DURING 
LONG-TERM STORAGE OF NUCLEAR WASTES* 

Ned E.  B i b l e r  

Savannah R iver  Laboratory 
E .  I .  du Pont de Nemours & Co. 
Aiken, SC 29801 

ABSTRACT 

Gases produced by in situ radiolysis of sealed solidified 

nuclear wastes during long-term storage could conceivably breach 

containment. Therefore, candidate waste forms (matrices contain- 

ing simulated nuclear wastes) were irradiated with 

24 4Cm-a radiation. These forms were : cement containing simulated 

'Co-y and 

fission product sludges, vermiculite containing organic liquids, 

and cellulosics contaminated with a-emitting transuranic isotopes. 

For cement waste forms exposed to y-radiolysis, an equilibrium 

hydrogen pressure was reached that was dose rate dependent. 

a-radiolysis, equilibrium was not reached. With organic wastes 

For 

(n-octane on vermiculite), H2 and traces of C02 and CH4 were 

produced, and 02 was consumed with both radiations. 

absorbed by the organic material was effective in producing H2. 

At low dose rates with both a- and y-irradiations, G(H2) was 4.5  

Only energy 

and G(-02) was 5.0. Also, equilibrium was not obtained. For 

cellulosic material, H 2 ,  COS, and CO were produced in the ratio 

* Woxk done under USERDA Contract No. AT(07-2)-1. 
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of 1.0:0.7:0.3, and 02 was consumed. 

was dose dependent; measured values ranged from 2 . 2  to 0.6 as 

the dose increased. 

term storage of radioactive waste will be discussed. 

from an actual nuclear waste form will also be presented. 

With a-radiolysis, G(gas) 

Implications of all these results on long- 

Some data 

INTRODUCTION 

Much effort is being expended in many laboratories to develop 

methods of solidifying and storing nuclear wastes to isolate them 

from the environment, 

or alpha-emitting transuranic isotopes dissolved in aqueous or 

organic solutions or sorbed on laboratory wastes such as tissues 

or other cellulosic materials, In nearly a l l  the proposed storage 

methods, the solidified waste is sealed in a primary, secondary, 

arid sometimes a tertiary steel container. One property of the 

solidified form that has to be evaluated is the production of 

gases from in situ radiolysis 3f the form. 

are produced, they may pressurize the containers , and containment 

could be breached. 

These wastes are primarily fission products 

If sufficient gases 

At the Savannah River Laboratory, we have measured radiolytic 

gas production from three types of solidified wastes: fission 

product sludges incorporated in concrete, contaminated organic 

wastes sorbed on vermiculite, and cellulosic material contaminated 

with alpha-emitting isotopes. 



CONCRETE HASTE 

One method being evaluated for solidifying high level radio- 

active waste sludges from the Savannah River Plant (SRP) is to mix 

them with cement to form concrete, ' 
preferred cement and the washed dried sludge is shown in SLIDE 1. 

In the final waste form, the sludge-to-cement ratio will be 0.67. 

As indicated in SLIDE 1, most of the initial radiation in the 

sludge will be beta-gamma from decay of "Sr and its daughter 

and '"Cs. 

and 239Pu. 

Nominal composition of the 

Alpha radiation will be present from decay of 2 3 e P ~  

- SLIDE 2 shows the time-dependence of the calculated radiation 

dose rates to the form based cln the data on SLIDE 1. Integrated 

dxes are shown in SLIDE 3. In these calculations, it was assumed 

that all alpha, beta,and gamma radiation was absorbed by the form. 

As indicated in SLIDE 3 ,  the final doses are quite large. SLIDE 4 

shows pressurization produced by 

canister of concrete c0ntainir.g Fez03 t o  simulate sludge. 

gamma radiation simulates beta-gamma radiation from 

The only gas produced in significant amounts was hydrogen, which 

reached an equilibrium pressure that depended on the dose rate. 

SLIDE 5 shows the effect of dose rate on this equilibrium pressure 

for the Fe203-concrete form as well as neat cement and concrete 

containing MnO2, another material found in SRP sludges. This dose 

rate effect is consistent with a model in which molecular hydrogen is 

formed by recombination of hydrogen atoms and removed by reaction 

'Co gamma-irradiation of  a sealed 

The 6oCo 

'Sr and ' 37Cs. 
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with hydroxyl radicals. 

of liquid water.2 

dose rate for actual waste indicates that.for irradiation times 

These reactions occur in the radiolysis 

Extrapolation of the data to the calculated 

of a few hundred years, during which radiolysis is primarily due 

to decay of "Sr and 13'Cs, hydrogen will reach an equilibrium 

pressure between 8 and 28 psi. Other experiments showed that 

this equilibrium pressure is independent of the gas volume. 

While hydrogen was being produced at low dose rates, oxygen 

that was present in the canister was consumed. 

this oxygen consumption on the radiolytic pressurization is shown 

in SLIDE 6 .  

consumption of 75 and 95%, respectively. 

This implies that in the containers of waste concrete, oxygen 

will be completely consumed. 

to reaction of oxygen with radiolytic hydrogen atoms to form hydro- 

peroxy (HO2) radicals that recombine to form hydrogen peroxide 

(H202). 

irradiated concrete with aqueous iodide ( I - )  solution or  

ferricyanide [Fe(CN)i3] solution. 

The effect of 

Analyses of gases from two irradiations show oxygen 

Nitrogen was unaffected. 

Oxygen consumption is attributed 

w 
Evidence for this compound was obtained by treating the 

Pressurization data for two samples of concrete and actual 

SRP waste are shown in SLIDE 7. The results are consistent with 

those from gamma-radiolysis of concrete and simulated waste. 

equilibrium pressure range predicted from gamma-radiolysis of 

simulated waste and the radioactivity present in this material 

was between 4 and 22 psi. 

6 to 7 p s i  is within this range. 

The 

The observed equilibrium pressure of 
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The effect of 244Cm alpha-radiolysis on concrete and simulated 
\ T 

waste is shown in - SLIDE 8 .  

product, composing 25% of the evolved gas. 

not affected. 

gamma radiolysis, hydrogen production by alpha radiolysis is not 

affected by hydrogen pressures up to 200 psi. In the waste con- 

tainers, alpha-radiolysis will predominate after the decay of 

13'Cs and "Sr, about 200 years. 

from the 239Pu is low in the waste form (%7 rads/hr), hydrogen 

With alpha-radiolysis, oxygen is a - 
Again, nitrogen was- 

Experiments at larger doses indicated that, unlike 
- __. - 

Even though the alpha dose rate 

years. The oxygen pressure may reach 300 psi. 

All of the above results are consistent with established 

free radical mechanisms for radiolytic destruction of water. In 

application, the results suggest that radiolytic pressurization 

in containers of concrete and SRP waste will be low for the first 

several hundred years storage. 

ORGANIC SOLVENT WASTES SORBED ON VERMICULITE 

A method being evaluated for treating contaminated organic 

solvents is to sorb them on vermiculite and then seal this material 

in steel drums for storage, For this type of waste, radiolytic 

pressurization data were obtained by gamma- and alpha-irradiation 

of octane or a commercial vacuum pump oil on vermiculite, Results 

of high and low dose rate gamma-radiolysis experiments are shown 

in SLIDES 9 and 10. As with concrete, oxygen was consumed, 

nitrogen was unaffected, and hydrogen was produced. Also, traces 

- 5 -  



of methane and carbon dioxide were produced. 

CHI, was nominally 1.0/0.03/0.01. 

ysis, hydrogen pressure did not attain an equilibrium up to at 

least 200 psi, the highest pressure tested. This implies that 

in sealed canisters of  this type of waste, very high hydrogen 

pressures could be attained. 

pressurization is easily calculated from the total radiation 

dose at any time, the amount of material irradiated, the free 

volume in the container, and the yield of hydrogen in terms of 

molecules produced per 100 eV of energy absorbed (G value). 

The ratio of H2/C02/  

In contrast to concrete radiol- 

The extent of this hydrogen 

Experiments varying the organic/vermiculite ratio indicated 

(SLIDE 11) that hydrogen resulted only from the energy sorbed by 

the organic material and not from that sorbed by the vermiculite. 

This indicates that energy is not transferred between the organic 

material and the vermiculite. For calculating hydrogen pressure, 

values for G ( H 2 )  are obtained from extrapolation of the data in 

SLIDE 11 to 100% organic material. The total energy absorbed by 

the waste form then has to be multiplied by the mass fraction of 

organic material present. 

values on dose rate; and at the low dose rates of the nuclear 

wastes, the values are 4 . 5  molecules/100 eV for octane, and 2.0 

molecules/100 eV for oil. The value of G ( H 2 )  for octane is equal 

to that for radiolysis of the pure liquid, further indicating that 

vermiculite is not transferring energy with the octane. 

ization from alpha-radiolysis is shown in SLIDE 12.  Again, 

There is a slight dependence of these 

Pressur- 
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hydrogen and traces of carbon dioxide and methane were produced, 

and oxygen was consumed. 

Values for G(H2)  based on energy sorbed by the organic were 

4.3 for octane and 2 . 7  for the oil. 

for gama-radiolysis and indicate only a slight effect of the LET 

These are close to the values 

of the radiation. This small effect of LET has been observed in 

radiolysis of many organic cqmpounds. 4 

These results with organic wastes indicate that at least 

200 psi of  hydrogen will be produced during long term storage. 

CELLULOSIC MATERIALS 

One rather abundant form of nuclear waste is absorbent 

cellulosic material (laboratory tissues, "atomic wipes, ' I  etc .) 

contaminated with alpha-emitting isotopes. This material is 

retrievably stored at SRP in sealed 55-gallon drums. 

of radiolytic gas production from " 4Cm alpha-radiolysis of 

Results 

cellulosic tissues are presented in SLIDE 13. This slide shows 

the increase in gas volume at atmospheric pressure and ambient 

temperature. Oxygen was consumed, nitrogen was unaffected, and 

hydrogen, carbon dioxide, and carbon monoxide were produced at 

relative rates of 1.0/0.7/0.3, respectively. 

The 100-eV yields for gas production were calculated from 

the slopes of the lines, the ideal gas law, and the dose rate t o  

the tissues calculated from the amount of "krn present. 

shows that these yields decrease with increasing total dose to 

SLIDE 14 

the cellulose. This probably results from formation of products 

- 7 -  



that produce less gas as radiation progresses. 

also indicate that the 100-eV yields are independent of dose 

rate (i.e., at any dose rate, the same number of gaseous mole- 

cules are produced per 100 eV of energy absorbed). 

shows the physical damage to the cellulose. 

Data in SLIDE 14 

SLIDE 15 

As with the octane and o i l ,  hydrogen pressures can be 

estimated by knowing the amount of activity present, the gas 

volume, and the value for G ( H 2 ) .  Although experiments at high 

pressures were not performed, the rate of hydrogen pressurization 

is probably independent of the hydrogen pressure, as it was with 

octane and pump oil. 

may accumulate during storage of this type of waste. 

On this basis, large amounts of hydrogen 

SUMMARY 

The above experiments have indicated that hydrogen will be 

produced during storage of radioactive wastes containing water or 

organic material. With water, hydro_gen will reach a low equilib- 

rium pressure during the first 200 years storage, but after several 

centuries will increase to high pressures from alpha-radiolysis. 

With organic material, hydrogen pressurization will increase 

linearly to high pressures. Currently, the amount of hydrogen 

produced in a waste container is being held to low pressures by 

limiting the amount of radioactivity stored in that container. 

Hydrogen generation can be eliminated completely by storing the 

waste in absence of water or organic material. 

evaluated is to calcine the fission product sludges and incorporate 

One method being 

- 8 -  



them in glass, For organic waste, a method being evaluated is to 

incinerate the material and incorporate the ash in glass. 
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NOMINAL COMPOSITION 
OF WASTE FORMS 

A. High Alumina Cement (wt %)  

A1203, 41; CaO, 37; S i O z ,  9; Fep03, 6; MgO, 1; Other, 6. 

8. Savannah River P lant  High Level Radioactive Waste 

Nonradioactive Ions ( w t  %) 

Fe, 33; A l ,  2; Mn, 2; U, 4; Na, 3; Ca, 3; Sr, 3 .  

Radioactive Isotopes (mCi/g) 

"Sr, 100; 13'Cs, 100; 144Ce, 30; lo6Ru, 10; lS4Eu, 1. 

SLIDE 1. Nominal Composition o f  High Alumina Cement and 
SRP High Level Radioactive Waste 
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ABSTRACT 

The properties of concrete as a matrix for solidification 
of Savannah River Plant (SRP) high-level radioactive wastes were 
studied. In an experimental, laboratory-scale program, concrete 
specimens were prepared and evaluated with both simulated and 
actual SRP waste sludges. 
adequate for fixation of SRP wastes. 
for preparation of simulated sludges and concrete-sludge castings 
Effects of cement type, simulated sludge type, sludge loading, 
and water content on concrete formulations were tested in a 

, leachability of . factorial experiment. 50- 
strontium and plutonium, tJermalmhility, anb radiation stabil- 
ity were measured for each formulation. Frommese studies, hinl 

Properties of concrete were found 
Procedures were developed I 

I 
. - - - - - - - - - - - - 

cement-sludge mixtures hid no adverse effects on mechanical or 
chemical properties of waste forms. 
sludge castings were investigated; thermal conductivity and 
DTA-TGA-EGA data are reported. 
sludges in concrete were prepared and tested for compressive 
strength; for leachability of 'Sr, 137Cs, and alpha emitters; 
and for long-term thermal stability. 
were generally similar in behavior to simulated sludges in concre. 

Effects of heating concrete- 

Formulations of actual SRP waste 

The radioactive sludges 
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Typical weight losses on heating were 6 to 14% in the first 
month, then an additional 1 t o  2% loss in the next two months. 
Largest weight losses were with Sludge I specimens, which also 
required the largest amounts of water in the formulations. 
Smallest weight losses were with Sludge I1 specimens, even though 
about the same amount of water was required in Sludge I1 and I11 
formulations; the small weight loss suggests that negligible 
mercury was lost by decomposition of HgO. 
high-alumina cement also had significantly smaller weight losses 
than specimens made with portland cements. 

Specimens made with 

Radiation Stability 

A concrete-sludge casting from each formulation was gamma- 
irradiated to 10" rads, to simulate the total radiation dose 
expected from self-irradiation by SRP waste over a 100-year 
storage period. During irradiation, the samples were heated t o  
temperatures up to 9S0C by gamma ray absorption. 
strength measurements after gamma irradiation gave results that 
were not significantly different from those for samples exposed 
only to heat (in thermal stability tests discussed in the pre- 
vious section). 
intermingled, no evidence was found for any effect of radiation 
on the strength of concrete-sludge specimens. 

Compressive 

Although the effects of radiation and heat were 

As a final check on strontium leachability under conditions 
of high sludge content, heat, and gamma radiation, a small 
factorial experiment was performed wi$h only sludge type and 
cement type as factors. 
ideal water content were gamma-irradiated and then measured for 
strontium leachability. 
after six-weeks leaching was markedly lower for irradiated than 
for unirradiated specimens by factors ranging from 2 to 20. 
largest reduction in leachability was exhibited by specimens 
containing Sludge I ,  as shown in Figure 8. 
effects could be ascribed to radiation. 

Specimens with 40% sludge content and 

In every case, the strontium leachability 

The 

Again, no adverse 

ExperimentaZ Procedure. Castings were gamma-irradiated in 
a 60Co facility at a dose rate of 3.5 x IO' rads/hr. Figure 9 
shows concrete-sludge castings in an irradiation rack designed 
tr, hold 76 pieces. 
special vessel, shown in Figure 10, for placement inside the - 
irradiation facility. 
each about 300 hr for total dose of 10" rads. 
irradiation facility was not continuously available, each irra- 
diation required about three weeks. With forced-air cooling, the 
irradiation temperatures wcre 65 to 95'C. 
of 168 formulations was irradiated for compressive strength 

The sample-loaded rack was sealed in a 

Three separate irradiations were made, 
Because the 

One casting from each 

- 45 - 
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FIGURE 9. Irradiation Rack for Concrete-S1 udge Castings 
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ResuZts. The compressive s t r e n g t h  d a t a  were treated s t a t i s -  
t i c a l l y  with an a n a l y s i s  of var iance  for  each s ludge type 
sepa ra t e ly .  
t o r i a l  experiment with d u p l i c a t e  samples, t h e  f a c t o r s  being cement 
type,  s ludge con ten t ,  and water con ten t .  The p r i n c i p a l  f ea tu re s  
of compressive s t r eng th  behavior o f  concrete-s ludge specimens 
again were found with t h e  gamma-irradiated specimens: s ludge 
content  was of predominant s ign i f i cance ,  cement type was l e s s  
s i g n i f i c a n t ,  and water content  was no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  
The da ta  were averaged over water con ten t s  and dup l i ca t e  specimens 
t o  g ive  compressive s t r eng ths  t h a t  are t h e  average o f  s i x  da ta  
po in t s .  

Each s ta t is t ical  a n a l y s i s  was f o r  a 6 x 3 x 3 fac-  

The compressive s t r eng ths  of i r r a d i a t e d  and un i r r ad ia t ed  
specimens are  compared i n  Table 14,  which g ives  t h e  percent  
d i f f e r e n c e  i n  s t r e n g t h  after i r r a d i a t i o n .  
about 20% were not s t a t i s t i c a l l y  s i g n i f i c a n t .  
s i m i l a r  t o  those  f o r  thermal s t a b i l i t y  (Tables 11 and 1 2 ) ,  even 
though the  experimental  condi t ions  were q u i t e  d i f f e r e n t .  Most of 
t h e  compressive s t r e n g t h s  f o r  gamma-irradiated specimens were not 
s t a t i s t i c a l l y  d i f f e r e n t  from those  of specimens heated f o r  thermal 
s t a b i l i t y  tests. 
Sludge I1 and specimens-containing Type I-P cement, a l l  of which 
are s i g n i f i c a n t l y  s t ronger  than t h e  heated samples. Because t h e  
i r r a d i a t e d  specimens a l s o  were heated, t h e  effects of r a d i a t i o n  
and heat  are intermingled.  
can be a t t r i b u t e d  t o  heat  a lone ,  but  none t o  r a d i a t i o n  alone. 

Changes less than 
The d a t a  are very 

Exceptions are fo r  specimens containing 40% 

Many of t h e  reduct ions  i n  s t r eng th  

Stront ium l e a c h a b i l i t i e s  of o the r  i r r a d i a t e d  specimens were 
measured. 

Specimens o f  c a s t i n g s  i r r a d i a t e d  f o r  s t ront ium l e a c h a b i l i t y  
tes ts  formed a 6 x 3 f a c t o r i a l  experiment with dup l i ca t e  samples. 
The factors were t h e  s i x  cement types and t h e  t h r e e  s ludge types, 
each combination having 40% sludge con ten t  and idea l  water conten t .  
In add i t ion ,  specimens with each cement type  and no s ludge were 
i r r a d i a t e d  and leached. As before ,  t h e  s t ront ium leach tests 
were performed a t  seven time per iods ,  from 2 t o  1008 hours. An 
a n a l y s i s  of va r i ance  was made f o r  each time period separa te ly .  
The effect of s ludge type was h ighly  significant a t  a l l  time 
periods.  
can t ,  except for  t h e  first and l a s t  time pe r iods .  The da ta  were 
averaged over cement types  and d u p l i c a t e  specimens t o  g ive  
s t ront ium l e a c h a b i l i t i e s  t h a t  are t h e  average of 1 2  da ta  poin ts .  

The effect of cement type was n o t  s t a t i s t i c a l l y  s i g n i f i -  
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X Charwe= i n  Comvressive Strenath. 

I None 0 - 12 + 3 -10 -16 +10 + 3 - 4  

-12 
40 +134 -17 + 9 - 7 -17 -15 + 6  

1 25 - 1 7  - 6  -34 -11 + 1  + 2  - 

-10 
+ 5  
- 25 - 14 -15 + 4 -15 + 4 -23 

40 + 3 +21 + 7 + 3 +11 -13 

-17 111 10 - 34 - 9 -73 -23 - 1 3  + A 

25 - 25 -19 -35 - 6 + 3 - 7 -16 

a. 

b. Geometric mean. 

Underlined values are statistically significant differences 
between irradiated.and unirradiated specimens. 

Table 15 shows the time behavior of strontium leachability 
for each sludge type. 
averaged values for unirradiated specimens as percent differences 

These data also are compared with similarly c 
were not statistically significant. 
the irradiated specimens also decreased monotonically with .time, 
as shown in Figure 8 .  
leachability was generally lower for the irradiated than for the 
unirradiated specimens. The differences were particularly striking 
after 1008-hr leaching; the leachability for Sludge I specimens was 
lower by a factor of ~ 2 0  (Figure 8 ) ,  and was lower for Sludge 111 
specimens which approach 1 x lo-' g/(cm2)(d). 
specimens the strontium leachability decreased in the order 

Strontium leachability of 

For every sludge type, the strontium 

For irradiated 

Sludge I1 > Sludge I > Sludge I11 I 
For 40% sludge content, this ordering reverses the positions of 
Sludges I and I1 from that for unirradiated specimens. 

Neither the strontium leachability nor the compressive 
strength measurements showed large differences among the cement 



types for i r r a d i a t e d  specimens. 
cant d i f f e rences  were found, except a t  2 h r  and a t  1008 hr .  
both cases, t h e  strontium l e a c h a b i l i t i e s  o f  HAC specimens d i d  
not decrease as much as those of por t land  cement specimens. 
these two times, t h e  average va lue  f o r  HAC was about a f a c t o r  of  
two l a r g e r  than those  f o r  t h e  o t h e r  cements. A t  40% sludge con- 
t e n t ,  t h e  compressive s t r eng ths  of  HAC specimens were s i g n i f i c a n t l y  
l a r g e r  than  those  of  t h e  o t h e r  cements, with average values of 
3723, 5095, and 4003 p s i  f o r  Sludges I ,  1 1 ,  and 111, r e spec t ive ly .  
The corresponding values for Type I-P cement specimens were 1983, 
3684, and 2868 p s i .  

I n  t h e  leach  tests, no s i g n i f i -  
In 

A t  

TABLE 15 

Strontium Leachability o f  Selected Concrete Waste Forms 
Gamma Irradiated to 10” rads 

Sr LeachabiZity,a’bJC IO-’ g/(cm2) (d) ,  and X Change, 

Time , 
hr 

2 

6 

24 

72 

216 

504 

1008 

for  Studqe Types 
40% 40% 40% 

No Studge SZudge I SZudge II Studge III 

7.7 (+48%) 7.1 (-33%) 6.5 (-12%) 2.8 (+ 4%) 

4.2 (-10%) 3.6 (-56%) 4.4 (-15%) 1.6 (+ 2%) 

2 . 3  (-14%) 1.2 (-77%) 1 .8  (-42%) 0.43 (-34%) 

1.3 (-11%) 0.55 (-82%) 1.4 (-25%) 0.17 (-59%) 

0.47 (-43%) 0.20 (-89%) 0.65 (-27%) 0.047 (-69%) 

0.32 (- 9%) 0.10 (-93%) 0.41 (-36%) 0.022 (-76%) 

0.092 (-53%) 0.048 (-95%) 0.28 (-62%) 0.011 (-84%) 

- 

- 
- 
- 

- 
- 

_. - 
a. % change given i n  parentheses;  underlined values are 

s t a t i s t i c a l l y  significant d i f f e r e n c e s  between i r r a d i a t e d  
and un i r r ad ia t ed  specimens. 

Each l e a c h a b i l i t y  value is t h e  average of 12 d a t a  p o i n t s .  

Error factors E (9S% confidence) range from 1.10 t o  1.30. 

b. 
c. 
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Selection o f  Optimum Cement Types 

The principal conclusions with regard to 
are: 

0 High-alumina cement was superior to all th 
cements. 

cement 

port 1 

s e 1 ec t ion 

nd 

0 Type I - P  cement was slightly better than other portland 
cements. 

On the basis of the compressive strength and strontium leach- 
ability tests, HAC was clearly superior. In the thermal and 
radiation stability tests, HAC specimens underwent larger changes 
than portland cements but still had as good o r  better properties. 
The portland cements were quite similar to each other in all 
properties measured, and all were poorer than HAC. 
land cements, Type I-P had the best all-around properties, 
especially at 40% sludge content. 

Of the port- 

In further studies with concrete-sludge waste forms, only 
HAC and Type I-P cement were used. 
was carried into the next phase of the evaluation in case any 
severely undesirable property were found later for HAC. With 
simulated sludges, HAC and Type I-P cement formulations were used 
to investigate the effects of adding cesium-loaded zeolite and 
of heating concrete-sludge beyond 100°C. 
described in the following sections. Finally, HAC and Type I-P 
cement were used in formulations with actual SRP waste sludges, 
described in the latter portion of this report (page 71). 

The portland-pozzolanic cement 

These studies are 

Effects  o f  Adding Cesium-Loaded Zeo l i te  

Two series of concrete formulations were prepared containing 
cesium-loaded zeolite that was tagged with 137Cs tracer. One of 
the series contained simulated sludges at 40% sludge content but 
with 1/16 of the sludge replaced by cesium-loaded zeolite. This 
mixture has been proposed as a means of ---1ally distributing the 
heat from decay of SRP 137Cs waste amon 
The other series contained cesium-loadc 
to 40%, but with no sludge. The formu' 
measuring their compressive strengths 
Specimens with only cesium-loaded zeol 
with the sludge-zeolite mixture. For 
HAC and 40% cesium-loaded zeolite had 
strength and %lo- g/ (cm2) (d) cesium 
leaching; the corresponding values w 
2.5% zeolite were ~3,000 psi and %I 

- - - -=te forms. 
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EXECUTIVE SUMMARY 
An analysis of hydrogen gearation in transportation packages far EransuranIc waste matexiah is 
neces~aryto ensure that the packages do not accumulate anuns&comxntmion ofhydmgeu(or0ther 
flammable) gas. As a result of safety considerations related to flammability, the concentdon of 
hydrogen in the transportation package is limited to a level below the lower flammability limit 
(AppendixE gives thelower f l m  'ty limit f a  common gases and vapors.) M-sms for 
hydrogen generation in 'on packages include (1) chemical reaction, (2) tbermal degradation, 
(3) biological activity, and (4) radiolysis. The focus of this report is on radiolytic hydrogen generation, 
with general information p v i d e d  on hydrogen generation via chemical reaction, mal degradation, 
and biological activity. 

Chemical reactions are capable of producing large quantities of hydrogen, but the contents of TRU waste 
transportation packages are typically controlled to limit any.reaction among the contents or reactions 
between the contents and the packaging that would produce significant quantities of hydmgen or other 
gases. If chemical reactions that generate hydrogen (or other flammable gases) are expeded to OOCUT in 
the "RU waste transportation package, these gas sources should be included in an analysis of the 
flammable gas levels and pressures in the containment vesseS(s) and related confinement barriers. 
Examples of chemical reactions that generate hydrogen are listed in Appendix A 

Thermal degradation of packaging materials or content constituents can be a sou~ce of flammable gaseous 
species if the temperature of the material is above its maximum continuous service temperature. Species 
released due to thermal degradation of organic materials are typically carbon dioxide, carbon monoxibe, 
and small amounts of low molecular weight flammable species, but usually do not include signtfimnt 
amounts of hydrogen gas. For TRU wastes at temperatures up to 25O'F, no significant t h e d  
degradation is expected to OCCUT in most materials, however, some out-gassing is expeded from materials 
that have a maximum continuous sexvice temperatwe below 250'F. These materials include nylon, 
polyethylene, polystyrene, polyvinylchloride, and epoxy. The species released from these matedals at 
ternpeatuns up to 250'F include solvents, plasticizers, and other low molecular weight flammable 
materials. Although the gases released from thennal degradation of mamials below 250'F are not 

released should be included in an analysis of the flammable gas levels and the pressures in the 
containment vessel(s) and the related confinement barriers. A general'discussion concaning thermal 
degradation is presented in Appendix B. 

nutrients and conditions conducive to biological growth within the transportation package. The nu?xieat 
and environmental conditions inTRU wastetransportatr 'on packages are typically not sufficieat to sustain 
biological growth. However, when chemical reactions are expected to OCCUT. thermal degradation of 
materials is expected to occur, or it is suspected that the TRU waste has biological amtambation, tests 
may need to be performed to estimate the expected hydrogen generation under nonnal and hypoth&cal 
accident transportation cbnditions. A general discussion of biologically generated gases in TRU waste 
transportation packages is in Appendix C. 

Radiolytic genenition of hydrogen occurs when ionizing radiation (eg., 4 p, or y) interacts with 
hydrogenous materials. The metric for hydrogen generation from a particular material undergoing 
radiolysis is the G-value, which has units of molecules of gaseous hydrogen product per 100 eV of 
radioactive decay energy absofbed. Appendix D provides information concerning G-values for various 
hydrogenous materials commonly present in TRU waste This report defines waste types according to 

expeded to include significant hydrogen or other flammable species, the gases that ~IE detmmxd tobe 

Biological genetation of hydrogen (or other gas) requires biologically contaminated W a S k a n d t h e  
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. 
gas pres- [-I 
pressure when container was sealed [atm] 

gas pressure at position "1" [atm] 

gas pressure at position "2" [arm] 

averagepressure [am] 
downstream pressure [am] 
fraction of particles that reach plastic packaging material 

permeability [molecm/scm~.mmHgJ 

steady-state pressure [am] 
container pressure or upstream ptessure [atm] 

containex pressure or upstream pressure at time=O Iatm] 

volumetric rate of radiolytically-gemmed gas [cmVsI 

time [smnds] 

thickness of confinement barrier [cm] 

range of particles in material [cm] 

time to reach 5 volume percent hydmgen [SI 
gas temperature [KI 

tempemure when container was sealed M 
effective hydrogen transport rate through barrier #1 [mole Hgs-mole fiaction] 

effective hydrogen transport rate through barrier ##2 [mole Hds-mole €taction] 

e f f d v e  hydrogen transport rate through barrier #3 [mole &/s.mole fraction] 

hydrogen transport rate [mole H&mole fraction] 

effective hydrogen transport rate [mole Hz/s-mole fraction] 

radius of cylinder [an] 

gas law constant r82.05 atm~3/gmol.K] 

molar hydrogen generation rate mol Hz/s] 

container void volume [ m 3 ]  

hydrogen mole fraction inside the confinement barrier 

hydrogen mole fraction outside the confinement barrier 



. HYDROGEN GENERATION IN TRU WASTE 
TRANSPORTATION PACKAGES 

1. INTRODUCTION 

1.1 Background 
Packages for t l xqomq * certain quantities and types of radioactive materfal are designed and 
(xII1structed to meet the reQuirements of ntle 10, Code of Federal Regulations, Part 71 (10 CFR Part 71). 
An evaluation that demonstrates compliance with this regulation is submitted to the US. Nuclear 
Regulatory Commission (") in the application for package approval. 

One concern in the evaluation of packages to transport tratlsuranic (TRU) waste is the production of 
hydrogen and other flammable gases. Regulations in 10 CFR 71.43(d) specify that no Significant 
chemical, galvanic, or other reaction may OCCUT among packaging components, among package contents, 
or between the packaging and the package contents. 'Ihe effects of radiation must also be considered. 

For the purposes of this report, TRU waste is considered to be radioactive waste that (1) is subject to the 
requirements of 10 CFR Part 71,'(2) contains nuclides with an atomic number greater than 92, and (3) is 
no& considered high-level waste, as defined by 10 CFR 60.2. Other documents (U.S. EP& 40 CFR 
Part 191; DOE Order 5820.2A) have specified alternative definitions, including limits on half-life and 
specific activity, which are not significant for transportation evaluations. The majority of radionuclides in 
TRU waste decay by'alpha (and gamma) emission, but some nuclides (and their progeny) are beta or 
beta-gqaemitters. 

TRU waste usually consists of traDsuranic nuclides mixed with plastics, m a ,  glass, paper, salts, 
absorbents, oxides, filters, filter media, cloth, concrete and other waste materials. ?)picat waste includes 
contaminated clothing, p a w ,  tools, and similar items. Most TRU waste exists in solid form, but liquids 
and sludges are also encountered. Some liquids are solidified, and some sludges dewatered, prim to 
trahsport. 

1.2 Purpose and Scope 
'Ihe purpose of this report is to provide infairmaljon on the production of hydrogen and ather flammable 
gases in transportation packages for TRU waste. Section 2 discusses the various mechanisms of gas 
production and provides general guidelines for assessing their impartance. Raaiolysis is usually h most 
significant mechanism for gas generation in TRU waste. Section 3 discusses radiolysis in detail and 
provides information on generation rates in various organic and inorganic wastes. Based on these rates, 
Section 4 discusses the calculation of gas concentration as a function of time and decay heat for various 
TRU contents and packaging configurations in order to determine the time at which the flammability 
limit is reached S d o n  5 presents information conceaning the control of hydrogen gas generation. An 
extensive list of references is presented in Section 7. 

Because hydrogen is the most significant flammable gas produced in TRU waste transportation packages, 
this report focuses primarily on the generation of hydrogen Situations in which other flammable gases 
should be considered, howewer, &e noted as appropriate. 

This report provides infomation that may be used by NRC staff to evaluate the potential for hydrogen 
generation in transportation packages, and describes 811 amptable methad to demonstrate that flammable 
concentrations of hydrogen will not occur within packages during transport. Control of hydrogen in 
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2. MECHANISMS FOR HYDROGEN GENERATION 
Mechanisms far hydrogen gas g d c m  fn tranSUranic waste 'on packages include (1) 
chemical m o n s ,  (2) thennal degradation. (3) biological activity, and (4) radiolysis. In general, 
hydrosesl generami by chemical reactions in transpartation packages canbe avoided. ?hermal effects 
generate significant amounts of flammable gases only if polymers of other organics within the package 
undergo thermal degradation. Biological generation of gases occurs only if the amtents are sufficiently 
w n ~ ~ ~ l ~ g ~ ~ c o ~ ~ ~ v e ~ u ~ ~ t o ~ ~ b i ~ o ~ ~ ~ ~  
section briefly discusses the first thee mechanisms and their potential contribution to tk total hydrogen 
generation rate in a transportation package. Radiolysis, which is geslerally the most important mechanism 
for hydrogen (and flammable gas) g d o n ,  is introduced in this section and discussed in detail in 
Section 3. 

2.1 Chemical Reactions 
For TRU wastes that are dewatered. solidified, of concreted, the hydrogen production due to chemical 
reaaion should beminimal as long as the content mnstituents and matedals of packaging atechosea so 
that there will be no significant chemical, galvanic. of other reaction among the packaging compne.nts, 
among the package contents, of between the packaging components and the package contents (10 CFR 
71.43(d)). For contents that include water, organic materials (eg., sludges), or mixhrres of potentally 
reactive species, the rate of hydrogen generation from chemical reaction should be determined and the 
related consequences analyzed in the safety evaluation of the tmspcmb 'on package. Appendix A 
provides a summary of some common types of chemical reactions that can lead to hydrogen generation. 

2.2 Thermal Degradation 
'Ihermal degradation of organic materials in TRU waste tmspomb 'on packages is usually not a 
significant source of hydrogen or other flammable gas generation for waste temperatures below -250°F. 
?he major constituents released when an organic matedal undergoes thermal degradation are carbon 
dioxide and carbon monoxide, and smaIl amounts of low molecular-weight flamxnable species. 
M o r e ,  gases gemmed duetothemal degradation can codhte tothe total pressurebut typically do 
not contribute significantly to the inventory of flammable species in the amtainmeat vessel. For TRU 
wastes that are above 250°F. tests may be needed to determine the amount of gas, flammable and 
nonflammable, which will be released during transportatfot~ 

AlthoughTRU waste contents at lower 
degradation, some small amounts of off-gassing can occur for materials that have maxLmum continuow 
senrice temperarms below 250°F (e.g., nylon, polyethylene, polystyrene, polyvinylchbdde, and epoxy). 
The constituents of this off-gassing can be reJeased solvents, plasticizers, and other low molecular weight 
flammable materials. Neither off-gassing nor thermal degraaation of organic mated& releases significant 
quantities of hydrogen gas- Although TRU waste dais below about 250°F me not expected to release 
significant quantities of flammable materials, it is important to estimate the rate of accumulation of these 
materials in the containment vessel (along with the rate due to other mechanisms, including h y b g a  
generationduringstoragebeforetransportatr 'on) to verify that a flammable mixture will not be formed 
duringtraqm&ition. 

Appendix B provides general information the thennal degradation of TRU wastes (iicluding the 
maximum continuous seavice temperature and results b m  thennal -on experiments fa various 
plaStiCS). 

arenot expected tohave significant thermal 
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highaeqy  gamma and low-atomic-number m?ltprinls, the gamma is scattered with a reduced energy. 
compton interactions in water predominant from approximately 30 keV to 20 MeV. 

Radiolytic G-ValUeS 

Regardless of the type of ionizing radiation causing the radiolysis, the measure of radiolytic gas 
generation is the G value. G values have units of numbex of gas mdecules produced pa 100 eV of 
radiation ewqy &abed. Factors afkdng  radiolytic gas generaton fnw tbe interaction of alpha, be$a 
or gamma radiation with matter include: (1) thelinear energy t r a n s k x ~ ,  (2) theirradfacton 
e r l v h ~ t  (ego, p===9 temperature, PH, and g= p=-). (3) the - doge, (4) the Qse rate, 
(5) the material composition, (6) the range of the incident radiation, (7) the configuration of the 
radioactive material relative to the matedal undergoing radiolysis, and (8) energy transfer consimom. 
Radiolytic G-values for various materials are discussed in detal1 later in this report and in Appendix D. 
2.4.1 Linear Energy Trader Effect 

Differences in G values for a material irradiated by different types of radiation are ascribed to the way in 
which energy is  lost in matter. Ltnearenergy transfer 
ionizing particle traveling through a material. An average LET is calculated by dividing the initial 
of a particle by its range in the matebal. 

Although differences in radiolysis products have been found for mateaials subject to different types of 
radiation, these differences are relatively small, and for the purposes of this dorwneslt. boundhg 
radiolytic G values are pen ted  to enable bounding estimates of the flammable gas generation rates. 
'Qpically, alpha-radiolysis of a material will yield the bounding G values for gas generation. 

2.4.2 Temperature 

Most chemical reaction rates depend on temperature. Ttme rate constant, k, canbe desaibed using the 
Arrhenius law: k=Aexp(-EJRn, where 35, is the aaivation ene%y, A is the preexponental facta; R is 
the gas law constant, and Tisthe absolute tapemhue. Theadivationenergyistheemxgy necessaryto 
initiate the reaction. 

is the energy loss per unit lengthof BLL 

The activation energy for radiolytic gas g e n d o n  in most materials appears to be less than or equal to 
3 W g m o l ,  which results in a weak t e m p e r e  dependence (NRC Docket No. 714218, Aug. 11, 
1999). E. for pOlyvInylchloride is -3 kCd/gllIO1, and E. fa pOlyethy1- is abotlt 0.8 kCat/gm01. 
Alpha radiolysis data for cellulosics indicate that the E. fm radidyds is about 1-2 Wgmol (K;osiewicz 
1981; Zerwech 1979). The temperawe dependence of G(K2), which is the radiolytic G value for 
hydrogen generation, in liquid n-hexane and neopentane corresponds to an activation energy of -3 
Wgmol (Bolt and Cam11 1963). The radiolysis of water has been found to be temperature- 
independent and therefore has an apparent activation energy of 0 kcavgmol. 

The relationship between the rate constants k1 and k2 at two difkent temperawes TI and T2 is given by: 

2.1 

?he G-value at a temperature T2 can be caldated from a known G-value at a temperatme TI: 
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In a number ofexpedments, the G values foc specific materials m i n k p d m t  of doserate forthe 
dose rate ranges studied (eg., B i b b  1976; Chapim 1962). others (O’DonxuS and Sangster 1970), 
however, others have found that G values may exhibit 8 non-linear deperaaence on dose rate. These 
observed non-lineidties may be due to radiation-initiated chain reactions. 

Some apparent dose rate effects may be caused by an increasein the material’s temperahre Since the 
major portion of the absorbed radiation energy is converted to heat, at high dose rates the temperame of 
the material could rise significantly. At high localized temp-, reaction pathways differeat from 
those ocwring at low dose rates may dominate (Schnabel1981). 

physical dose-rate effects havebeen observed for numerous materials subject to gammaradiation. Most 
of these experiments were performed in oxygen-containing environments in an effort to simulate 
accelerated aging. Physical doserate effects depended on material type, aging conditions, sample 
geometry, and the aegradation parameter being monitored. In general, more degradation was produced 
for a given totat dose as the dose rate was lowered. Diffuson-limited oxidation processes were shown to 
bethe cause ofma effects. when the oiidation ~KKXSXS in a materfa~ CoIlSume dissol~ed oxygen faster 
than it can be replenished €kom the atmosphere surrounding the material (6rom diffusion), a heavily 
oxidized layer of materlal is fonned near the sample 
sample interior. As the dose rate is reduce4 however, oxidation of the sample intedor increases due to 
the longer times available for the diffusion processes. 
The dose rate effects leading to sample oxidation depend on the range of the radiation. For alpha 
radiation, the reaction wilt be doserate independent if the oxygen can easily diffuse to a depth equal to 
the rangeof the alpha particles. Likewise, the physical doserate effects can be minimized in gamma 
radiolysis experiments by using thin film samples (Bonzon 1986). 

Chemical dose-rate effects involving the interactions between radiation and thermal &gradation have 
been reporkd for polyethylene and PVC irradiated in the presenoe of oxygen (Gillen et al. 1982). These 
exments showed that the most severe mechanical degradation occurred when radiation was w m b i i  
with elevated temperatme Thereported degradation was much greaterthanthe sum Ofthedamage 
causedbyseparateexposuretoradiationandtotheelev~~~.Tbis~~wasattribatedtoan 
oxidation mechanism, in which peroxides initially farmed by the radiation weze decomposed Ihe 
magnitude of these effeas could be reduced by removing any oxygen before the irradiated mamials were 
heated. 

. 

and oxygen @letion may occur in the 

2.4.7 Specific Material Composition 

Many of rhe radiolysis experiments reported in the literature were performed using pure polymeric 
materials. However, commercial plastics differ from the pure polymers because they contain large 
6ractions of various additives. such as stabilizers and plastidzers. These additives can significantly 
influence the amount and species of gases generated by thermal degradation and radiolysis. 

Liquid plastidzers are added to polymers such as W C  or cellulose esters to increase flexibility. ’Ihese 
compounds typically have low volatility, but may be emitted &m the polymex upon beating. Plasticjzers 
in PVC wmmonly Comprise about 3 0 4 %  ofthe total material. Most of the plastidzers are combustible, 
and lower the flame resistance and softening points of the polymer products (Deanin 1972). 
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2. Mechanisms far Hydrogen Generation 

, 

24.8.3 Particle Size of the Contamfnant 

?hc piutonium contaminants in TRU wastes am typically in particle form as plutonium dioxide 0~ 
hyclroxIdes, but may Sometimes be in the fapm Of plutOnium nitrate from solution h nitric acid. Ifthe 
plutonium is in partides will inferact with the plutmim OT oxygea 
a t o m s w i t h i n t h e p a r t i c l e i n t h e ~ ~ ~ a s s e l f a b s o I p t i o n , r a t h e r t h a n w i t h t b e ~  waste 
matexid. The -on of alpha particle enagy escaping fiom Pu& particles as a function of particle 

1984; Cowell 1984; Vegler et al. 1985). 

Selfabmpdon is most likely the reason behind the observation that the measured G(Hd value for "pu 
dissolved in nitric acid is about 25 times the G(Hd value for 2 p particles of the oxide (Bibla 1979). 
Similarly, the gas generation rate obtained fiwn particulateantaminated waste may be less than the rate 
predicted using the maximum G values and the total activity of the waste 

Because of uncertainties in measuring particle size dishjbuilons of radioactive particles, the un-a 
in ensuring that particle size distributions remain constant when subject to mmporwion-induced fm, 

absorption arguments may be difficult to justib for transportation of TRU waste. As a c<wservariw 
approach, this document assumes that aI1 alpha energy escapes plutonium particles that have radii less 
than about 0.5 cm. 

form, some ofthc 

radius and initial en erg^ has been calc~lated (NRC Docket NO. 71-9218, Au~. 11,.1999; V- 

and the marginal benefit of alpha self absorption (only about 2096 for 4.5 pn radius particles ), sdf- 

2.4.9 Energy Transfer 
The energy absorbed at one location on a large molecule may damage a more sweptiile site elsewhere 
on the molecule. This concept of energy transfer from the location where energy is abmrbed to the 
chemical bond that is broken ilIusttates that the major products of radiolysis are influenced by the 
molecular structure. Certain structures, such as aromatic rings, seem to absorb ionizing radiation and 
dissipateit as heat in the fonn of molecular vibrations and other nondestructive relaxation mechanisms. 
Systems&maining these structures undergo less decomposition than would be expected (O'Donneu and 
Sangstes 1970). 

when a homogeneous mixture of two compounds is irradiated, the yields of the differeat radiolysis 
products often are directly proportional to the yields h m  fbe pure components and their relative 
proportions in the mixture. This behavior is observed wheneach component -independently of 
mothex. However, for some mixtures, energy transfer can occur among the componeats in the mixbura In 
a twocomponent mixture in which one component can transfer energy to the second oomponent, the 
second component may absorb more energy and be decomposed more rapidly than predicted by its 
proportion in the mixture. 
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Table 3.1 Summary of Bounding Radiolytic G Values for Hydrogen 
and Flammable-Gas Generation 

MoterSal 

WUU 
€I*: 

SaapataaHydrocarbons 
UnuturatcaHydroclpbonr 
Aromatic Hydrourbons 

Methanol Gas 
Alcohols (liquid) 
Ethas 
Aldehydes & Ketones 
cnbaxylic Acids 
Esters 
Phosphate Esters 

oxygenated couqJoun& 

Halogenated Hydrocarbons: 
chgaaic Nihngen Compounds: 
c0mmCrci.l L u b I i ~ t s :  
Polymctr: 

Saturated Hydrocarbon 
Polymers 
Alcohol Polymm 
Unsaturated Hydrocarbon 
Polymas 
Ertp pdymm, 
Aromatic Polymers 
Hdogea-containing 
fim- 
Im-Exchange Resins 

solidifiedAqucws 
sludges 
Concretes 
Absorbed Liquids 
Solid Organic Acids 
Asphalt 
soil 

Non-Polymer Solids 

Dry, Solid. Inorganics 

1.6 

9.0 
3.0 
0.6 

10.8 
5.4 
3.6 
15 
0.8 
1 .o 
23 
0.8 
635 
28 

4.0 

35 
0.7 

0 9  
0 3  
0.7 

1.7 

0.43 

0.6 
(no exptriments) 

depends on liquid and =lid 
2 3  
13 

0.15 (w/5% water) 
0.37 (wi 955% wata & 
36.4% organic content) 

0 

1.6 

10.2 
3.0 
0.6 

11.1 
6.1 
3.8 
3 3  
4.4 
3.0 
24 
0.8 
635 
29 

4.1 

35 
0.9 

1.4 
0.3 
0.8 

1.7 

0.43 
(no experiments) 

0.6 
dcpcndsonliquidandrolid 

2.6 
1 3  

0.15 (w/5% water) 
0 3 7 ( w l ~ J % w a t c r &  
,u16.4% organic content) 

0 

Gascr: 0 0 
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having sufficiently low G-values. cemented organic m s  solids are included in this waste 
rn 
In this report, the surfaccantamhkd organic wastes and their organic packaging are assumed to absorb 
100% ofthe available alpha decay energy. 'Ihe only gas generated by hoaganic matedab (which are 
@#ed in this wastetype) would be oxygen, which would teud tobe<x>nsumed by oxidation of the 

Based on expedmentally measured G-values, solid organic materials with the following stmmml groups 
are crcoeptable in this waste type: (vom8tic rings, unwmted C-C bonds, and C-N triple bonds. Matedals 
for which the G-value at room temperatwe for flammable gas could be greater than 4.1 are limited to 
trace quantities (less than 1% by weJght). These materials include cellulose nitrate, polyvinyl f- 
polyoxymethylene, and poly(o1efin sulrooes) (based on current data). Other polymers containing ether 
fbnctional groups may also have high G(flammab1e gas) values. 
Examples of materials acceptable in Solid Organic Waste are listed in Table 3.4. 

plastic packaging materials. lllelefm any inorganic materials pmemt are considered to geaerate IK) gas. 

Table 33  Examples of Materials Acceptable in Solid Inorganic Wastes 

ASbeStOS Grit Nitrates 
Ash Inorganic filter media partland cement 
clays Inorganic insulation Salts 
concrett (surfacecontaminatcd only) Inorganic resins Saod 
Firebricsr Metals slag 
FlOKx, Metallic oxides sod 

Glass Molds 8r crucibles (e.g., ceramic, Soot 
nraphite) 

Table 3.4 Examples of Material Acceptable in Solid Organic Waste! 

- Aniline-formaldehyde Wenol-formaldehy& Polystyrene 
Any solid inorganic mate~W Phenolic resin Polysulfbne 

Bakelite Polybutadine PolyUrethane 
Cellulose Polycabnate Polyvinyl acetate 
Cellulose acetate bulyrate . Polychloroprene Polyvinyl alcdlol 
Cellulose pprionate Polychlmrrifluwoerh ylene Polyvinyl chloride 
CelIulose acetate Polycsttr Polyvinylidenechlolide 

. Asphalt Polyamide Polytehafluoroethyl~ 

Chlorinated polyetber Pol yetb ylene Rubber 
cblorosulfonated polyethylene Polyethylene glycol Rnbberhydrochloride 
Detergent (solid) Polyimide sand 
Melamineformaldehyde Polyisobutylene Soil 

Organic acids (solid) Polymerhyl methacrylate U~-fOrmalathyae 
oil ~lyisoprene Tributyl phosphate 

I 
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. 
3.3.1.1 Fraction of Decay Energy Available for Radiolysis-Range of Radiation 
 he ji-action of daay enagy available fbrradialysis depends on the range of the radiation, the sizes of 
theradioactivepartides,tbedeasityofthewaste, andthewasteoonfiguration. 

 he fraction of alpha energy emerging from radioactive particles, 
particles. For alpha irradiation, the abScKbd dose for WBSfe xtmeaials is appli~&k d y  to the mass of the 
waste within the range of tbe alpha particles. Although plutonium oxalatt calcined at lOOOOC has been 
shown to have a particle size distribution such tfiat a maximum of 82% of tbe alpha radiation energy 
escapes the particles as a result of self-absorption (NRC Docket NO. 71-9218, Aug. 11,1999), other TRU 
waste such as HEPA film may include smaller radioactive particles that exhibit smaller amounts of 
alpha sdf-absorption. Since determination of particle size distributions is difficult and particle size 
distributions may not remain constant wsder tmcprWon-induced forces, this repart consematively 
assumes that hel=O. If the particle size dimibution of the radioacfive particles in the TRU waste is 
known, and it can be justified that the particle size distribution will not change during loading and 
transportation, then FP,= may be less than 1.0. The A g e  of alpha particles with energies between 4 and 8 
MeV in low density materials can be estimated by the following equation (Liverhant 1960): 

depends on the size of the 

1 . 2 ~ 1 0 ~ g / ~ m ~  [ Density )' Range, (cm) = [(1.24 * Particle Energy(MeV)) - 2-62] 3.6 

Far a density of plastics and paper of appmximately 1 g/cm3, the range of a 5.14 MeV alpha particle 
( U P P u )  is 4.6~103 cm, and the range of a 5.59 MeV alpha particle (138Pu) is 5.2~103 cm. 'Ibe range of a 
5.59 MeV alpha particle ip air is about 4.3 cm. Therefore, any waste material within about 4.3 cm of an 
alpha source cwld potentially receive alpha radiation. However, once an alpha particle strikes a material 
with a mass density of about 1 g/cm3, its range in that material would ody be about 4.6~103 cm. 
The range of beta particles is more difficult to calculate than the range of alpha particles. The path of a 
beta particle is very irregular and not as straight as that of heavy charged particles. A practical range, also 
called extrapolated range, for beta particle with energies up to 3 MeV can be estimated by the following 
equation (IAverhant 1960): 

Range~(gramlccm2)=0546*particle EnergyO-O.1OS. 3.7 

For betaemitting nuclides in TRU waste. the energies are typically 1 to 3 MeV. The range d a  1 MeV 
beta particle is 0.438 g/cm2, and tbe range of a 3 MeV beta particle is 153 g/cm2. In air @=1.2xlW 
g/cm3), the range of a 1 MeV beta particle is about 365 an and the range of a 3 MeV beta particle is 
about 1275 cm. Inmaterial with amass density of 1 g/cm3, therangeof a 1 Mevbetapatticleis about 
0.44 un and the range for a 3 MeV beta particleis about 153 cm. From apractical standpoint, the range 
of beta particles from radioactive decay is typically much larger than that of alphas, and Fpa may be 
assumed to be 1.0 

Therefore, with Fp,eFpa=Fp,+, the effective G value becomes: 

3.8 

In many instances, detailed information concerning the radionuclides and their concentmtions in a waste 
material may be unavailable, and determination of the separate decay fracttons (n, l p ,  and h) may not 
be possible. For most waste types and waste configurations, a conservative approach is to assume that all 
decay energy is in the form of alpha decay, but the conservatism of this approach needs to be justified. 
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. 

-dent Value 

Fp. U 1.0 

b. B 1 .o 
Fp. Y 1.0 

2t, (r+b) 
r h  Pp = 

Coefficient Value CoeMdeot Value 

Fvrrer, a 1.Ob Fpl- a 1.13~10.3 d 

F-, B 1 .o FpkrtlcB 055 e 

7 1.0 = F P W G 7  TBDf 

3.9 

w h m  Pp is the particle fraction that can reach the plastic packaging mateIials; 

t R  is the range of the particles in the waste material [cml; 

r is the radius of the cylinder [cml; and 

h is the height of the cylinder [ml. 
For example, a waste m a s  with an approximate volume of one gallon (with a radius of 7.62 an (3.0 in.) 
and a height of 20.32 cm (8.0 in.)) has a Pp=1.8xl0-3 for alpha particles and aPfl.55 for beta particles. 
Since the amount of material inserted into the product can is typically one gallon or more, these PF valuw 
are considered conservative for most cases. 

For gammaemitting wastes. most ofthe gamma rays will escape the solidified mass. As a result of the 
penetrating nature of gamma rays and to a lesser extent beta particles. most of the gamma ray and beta 
particle energy would also penetrate through the plastic bags and only a very small fraaion of the total 
gamma ray and beta particle energy deposited in the bags. 'Ibis small draction of gamma ray and beta 
pat ide energy deposited may be calculated, or conservatively. the fhction of beta and gamma decay 
enetgy that escapes the solidified waste and is deposited in the polymeric confinement layers (eg., plastic 
bags that are usually polyethylene of po1yvinylchloride) can be assumed to be 1.0. 

3.3.21 Effective G Value for Solidified Aqueous Inorganic Absorbed Waste 

Solidified Aqueous Inorganic Absorbed Waste may include any inorganic absorbents or solidification 
agents. The radionuclides may be present as particles or in solution encapsulated by the solidification 
materials. Because of the possibility of energy transfer between these inorganic materials and water, the 
€taction of available energy absorbed by the water is assumed to be 1.0. 

in Table 3.5. 
For Solidified Aqueous Inorganic Absorbed Waste, the coefficients used in Equation 3.5 are summan 'zed 

Using the coefficients in Table 3.5. the ef€ective radiolytic G value for Solidified Aqueous Inorganic. 
Absorbed Waste is: 

I 

I . .. __ 
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3. ‘Hydrogen Generation Rates in Transuranic Waste 

Coemdeat Vdae 

Fp, a 1.0 

Fp, B 1.0 

coeffldent Vdae Coefficient Value 

F-a 1.Ob Fplutic.or 1.8~10.3 d 

F-. B 1.0 FpLrcic,B 055 = 

Substituting the coefficients in Table 3.6 into Equation 3.5, the effective radiolytic G value for Solidified 
Aqueous Inorganic Particulate Waste is obtained: 

GSoli icdkIucaurIrlorguu’c~Wtr(c - - h,[(I.8xlO”)(G@l~ti~))+ (l.O)(G(water))] 

The effective G value for Solidified Aqueuus Inorganic Particulate Waste that contains predominantly 
alphaanitling radionuclides 0.e. $=A@) in Equation 3.15) is given by: 

= { [ (1.8x103~G@lastic))]+ [(l.O)(G(water))] k1.0). 
3.16 

Using Gpt.lliG aW.1, G p ~  (gas)=4.1 (based on the radiolysis of polyethylene), and Gplueic 
(HC1)=0.7(based on the radiolysis of polyvinylchloride), and G-,a+1.6 (based on the a-radiolysis 
of water), G&as)=24’(assuming oxygen and hydrogen are released fiom the radiolysis ofwater) in 
Equation 3.16, the effective G values for potentially flammable gas (Hd, H a ,  and net gas for Solidified 
Aque!ous Inorganic Particulate Waste that contains predominately alphadtting radionuclides can be. 
estimated as: 

G(H+[( 1.8xlO-3)(4.1)+( 1.0)(1.f5)](1.0)=1.6 3.17 

-a)=[ (1.8~1 WX0.7) I( 1 .O)= 1.08xlO-3=0 3.18 

G(net gas)=[(1.8x10-~)(4.1)+(1.0)(2.4)](1.0)=2.4. 3.19 

Nose that the contributions t~ the effixtive G values from theradiolysis of thepolymeric awfinement 
layers ale negligible for Solidified Aqueous Inorganic Particulate Waste. 

I 
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, 3. HydrogenGcnerationRatcsinl’hu~mm ‘c waste 

Aqueous Inorganic Conaeted Waste that contains pxedominately alphaemitting radianucLlQes can be 
estimated as: 
Go=[(  1.8xlO-3)(4.1)+(0.3)(1.6)]( 1 .OW49 3.22 

G(HcI)=[(1.8x103)(0.7)](1.0)=1.08x10.3=0 3.23 

G(net gas)=[( 1.8~1@3X4.1)+(0.3OX24) I( 1 -0W.73. 3.24 

3.3.3 Effective G Values for Solid Inorganic Waste 

Solid Inorganic Waste includes surfacecOntamZnntPn solid inorganic materials, such as glass, metal, 
ceramics, and fiberglass. The waste materials must be dry and free of oil, grease, or other organics except 
for trace quantities (less than 1% by weight). The waste may be placed inside plastic bags (Solid 
Inorganic Waste in Plastic) or metal cans (SoIid Inorganic Waste in Cans), and then in dnuns that have a 
rigid Ngh-density polyethylene liner or other approved container. 

No materials in Solid Inorganic Waste can radiolytically generate hydrogen. For Solid Inorganic Waste in 
Plastic, radiation that escapes the waste mass can cause radiation in the polymeric packaging 
(confinement layers). For Solid Inorganic Waste in Cans, gamma radiation that escapes the waste mass 
and pesxmws the metal can could potentially cause radiolysis in any water of organic matedal (eg., 
polymeric drum liner) that is outside the metal can confinement layer. Howeva, any radiolysis that 
occurs due to gamma radiation that escapes the metal can is expected to be very low. 

On average, the surfacecontaminated inorganic waste will absorb half of the alpha decay energy 
escaping from the surf= contamination. It is assumed that the other half of the decay energy is a b m h i  
by the packaging materials. The inorganic materials ace considered to genea-ate no gas by radiolysis. For 
Solid Inorganic Waste in Plastic with polymeric confinement around the solid inorganic materiat, the 
polymeric material cannot have a -2) value that exceeds 4.1 (based on polyethylene) or a G(HcI) 
value that exceeds 0.7 (based on PVC). 

3.3.3.1 Effective G Values for Solid Inorganic Waste in Plastic 

For Solid Inorganic Waste in Plastic, the coefficients used in Equation 3.5 to determine the effective G- 
value are summarized in Table 3.8. 

Table 3.8 Coeflicients for Calculation of Effective G(gas) for 
SolidMed Aqueous Inorganic Particulate Waste 

Coefficient Value Coefficient value cafiicknt Value 

Fp. a 1.0 a FVIIQ, a Ob FPtctk, a 050 

7 1.0 F-7 O d  FP-7 05 I 

Fp. 8 1 -0 F w e  8 O C  FPlutic. 8 05 f 

8 A value < 1.0 nmybejuMabk faputiclw that h v e  diamems th.1 nmrin m t h m  - 10 pm 
b Norrtuororgaaia trelnovad insdid Inafrnlc Waste h Pkstic 
c No w8teraorg.nia tre & d i n  Solid Inorganic Waste h Pkctic 
e N o ~ o r ~ i a u c ~ o ~ i n S o l i d I n o r g ~ W u t o h r P k r l i c .  
e Half of the decay m y  from the nxfrcc contunination a n  inceruX with the packaging (e.g, plutic bags). 
f Half ofthe decay energy from the Mace contuninuion can in- with the packaging (e+, p l d c  bags); a value lus thm 05  m y  bc 

~ l . b l e .  
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' 3.' Hydrogen oeneatiosl Rates in Transuranic Waste 

Tbt surfacecontaminated organic waste or their urganic packaging is assumed to absorb 100% of the 
available decay enexgy. Tht only gas geneated by holrganic xnateaials is oxygen, which would tendm 
oxidize the plastic packaging materials. 'Iherefore, any inorganic materials p e n t  are cansidered to 
generate no gas by radiolysis. 

Radiolysis of tbe solid organic materials (typically plastic) bounds the radiolytic gas generation fw Solid 
Organic Waste. For Solid Organic Waste, the coefficients used in Equation 3 5  to de&minethe effective 
G-value are summarized in Table 3.9. 

Tabte 3 9  Coeffidents for Calculation of Effective was) for Solid Organic Waste 

coemcient Value I Coemcient Value 

Using the coefficients from Table 3.9 in Equation 3.5, the effective radiolytic G value for Solid aganic 
waste is: 

?he effective G value for Solid Organic Waste that contains radionuclides which are mainly alpha- 
emitters @.e. %=A@) is: 

Gwdaf.nicw.r\ccr = (l.O)(G(solid organic)). 

3.30 

3.31 

'Iherefore, using the G values of G(HH.1 (based on the radiolysis of polyethylene), G(HcI)=0.7 masea 
on the radiolysis of polyvinyldiloride), and Wnet gas)=10.2 (based on the radiolysis of ceillulos?) for 
waste containing radionuclides that are predominantly alpha-edtters, the effective G-values for Solid 

w+[(i.ox4.1)1(1 .OH. 1 3.32 

organic waste are: 

G(HCI)=[( 1.0)(0.7)]( 1.0H.7 3.33 

G(ne-t gas)=[( 1.0)(10.2)](1.0)=10.2. 3.34 

3.3.5 Summary of the Effective G Values for Various Waste Types When the 
Radionuclides are Primarily Alpha-Emitters 

Table 3.10 summarizes the radiolytic G values for hydrogen, hydrogen chloride, and net gas generation 
for the various waste types discussed above. 
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4. Calculation of Hyc€rogca Concentration 

4. CALCULATION OFHYDROGEN CONCENTRATION FOR VARIOUS 
PACKAGING CONFIGURATIONS 

4.1 Modeling Hydrogen Concentration in, TRU Waste Transportation 
Containers 

The predominant source of hydrogen in a TRU waste- 'on package is typically fiam the 
radiolysis ofthe hydrogenous material(s) h the contents. Fur contents that include significant gamma- 
emitting nuclides or for contents that are adjacent to hydmgenous confinement materials, radiolysis of the 
polymeric confinement layers can also contribute significantly to the total hydrogen g e n d o n  rate. 

As hydrosen is generated, it could potentially accumulate within a oonfimmmt region to farm a 
flammable mixture. This accumulation will occur if the release rate of hydrogen fmm that bard= is less 
than the sum of the generation rate within the region and the rate of hydrogen entering the confinement . 
barrier. Parameters that govern the release of hydrogen from the various confinement and containment 
barrim in TRU waste tmmpWab 'on containers incluck 

(a) Waste packaging configuration @.e., the number and type of confinemat and containment layers 

(b) Rate of hydrogen generation within the waste and confinement layers, 

(c) Release rates of hydrogen from each of the confinement and containment layers, 

(d) Temperature of the waste and the confinement components, 

(e) Void volume within the various product containers, confinement layers, and Containment vessel(s), 

(f) Duration of the shipping mod ( normally assumed to be a maximum of one year). 

The release rate of hydrogen through a given confinement barrier is a combinaton of the rate of hydrogen 
diffusion through any opening(s) or leakage path(s) in the barrier and the rate of hydrogen permeation 
thronghtheb~~material.Someco~nementmaterials,suchasmetalprodudcaos(foodpackcans) 
and glass containers, do not allow significant hydrogem permeation and any release of hydmgen is due to 
gas escaping through leakage paths. However, for other confinement materials, such as polymedc bags 
andpolymedcdrumliners,~hydrogenpameationratecanbesigni~cant. Tbehydmgmpenneatian 
rate through plastic bags is often on the order of the hydrogem diffusion rate tbmugh the small leakage 

1999). In general, the number of confinement layers should be minimized and the hydrogen permeability 
of the confinement lay= should be maximized to limit the rate of hydrogen accumulation in the 
innermost confinement banier, which is typically the region of highest hydrogen concentratioa 

The most common confnement barrier materials in a TRU waste transportation package are polymeric 
bags and metal cans. Some TRU wastes are placed in metal pmduc€ cans and then "bagged out? by 
placing the metal can in a plastic bag. This bagged can may tfien be placed in one or more! bags or in a 
second can that is bagged Other TRU wastes may be placed directly in plastic bags. 

surrounding the waste), 

and 

paths in the twist-md-tape Of f 0 l d - d - w  ClOsureS Of plastic bags (NRC Docket NO. 71-9218, Aug. 11, 
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'. 
R is the gas law constant [SZOS atmcmVgmd-IQ; 

Tis the gas mnperme [Kl; 

P is the gas pressure [am]; and 

t is the thickness of the confinement barrier [a]. 
Substituting fop the hydrogen concentration gradient into the Equation 4.1 gives: 

4.3 

To obtain conservative estimates of the effective hydrogen transport rate due to diffusion, the above 
equation shoyld be calculated Sng:  (1) the minimum leakage path cross-sectional area, (2) the 
coefficient for hydrogen diffusion in air at the minimum tempemme, and (3) a pressure of one 
mw- 
4.1.2 Permeation of Hydrogen Through Packaging Materials 

'Ihe permeability of a material to hydrogen is quantified as the material's hydrogen peameability 
coeflicient. Pexmeabi3ty may be defined as the number of moles of gas passing pet amit time through a 
material of unit area, whichis of unit thickness under aunit partial pressrcregradient at a specified 
temperature. 'I)pical units for permeability are (moleun)/(scm2mmHg). The permeability rate depends 
on the material type, matedal thickness, the material's history (Le., abmrbed dose), the concentration 
dxiving force, and temperature. 
Two matetlals that are commonly used as polymeric confinement barriers (plastic bags) in TRU waste 
transpostation packagings are polyvinyl chloride (PVC) and polyethylene (PE). In addition to matexid 
type, permeability also Qepends on the additives in the materials. 

The dose absorbed by a polymesic confinement material may influence its permeability to gases. 
Although gamma doses up to 800 krad seem to have no effect of the peameability of PE and PVC to N2, 
a, C& and H20, and the crosslinking in the polymers caused by gamma ray absorption has been shown 
to not cause significant changes in the permeability (NRC Docket No. 71-9218, Aug. 11,1999). 
preliminary tests performed on waste drums that hadbeen stored for fiftten years indicate that the 
hydrogen permeability rates through botb PE and W C  were highez than the rates through new plastic 
samples (Varsanyi 1975). For TRU waste materials that were placed in polymeric confhement layers 
recently or when the polymeric confinement layers have not absorbed a significant dose, the peameability 
rateofnewconfinementmaterialsmaybeusedformodeling~.ForTRUwastematerials~ 
have been in particular amfinement layers for a significant peslod of time or for cases where the 
confinementmaterialshaveabsoibedasignificantdose,measurementscanbeperformedonthe 
radiation-damaged confinement material to obtain the appropxiate permeability coeffident for modeling 
purposes. However, if it is known that the confinement barriers in a package have a higher pameability 
than new material, modeling the hydrogen release with the Properties of the new material should yield 
conservative rksults for the hydrogen concentration within the inner-most confinement layer. 

Permeabilities are highly temperatnre dependent and this dependence can be represented with an 
exponential Arrtdus-type equation (Varsanyi 1975): 

P = expo 
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where: %et,, is the number of moles of gas generated [gmd]; 

is the number of moles of flammable gas genetated &mol]; 

is the decay heat that k absorbed by the radiolytic materials [eV/s]; 
%, 

41 
G (flam gas) is the radiolytic G value for flammable gas [rnolecules/lOo ev]; 

G (net gas) is the radiolytic G value for net gas generation [moleCules/lOo ev]; 
t is the time that the container has been sealed [SI; 
A N  is Avagadro’s number [6.023xlOU molecul~gmo~]; and 

a is the fraction of G~(net gas) that is equivalent to G(flam gas). 

Using the above expressions, the mole fraction hydrogen, Xm, as a function of time k 

4.7 

4.8 

b 

where: Po 

TO 
V 

Rg 

is the pressure when the container was sealed [atm]; 

is the temperatme when the c0ntaine.r was sealed IK]; 

is’the container void volume [cm’j]; 
is the gas law constant [SZOS cm3-atm/gmol-K]; and 

is the initid number of gas moles in tfre container when the vessel was &sed rno11. 

4.21.2 Hydrogen Gas Concatration in a Single Rigid Leaking Enclosure 

An analysis is made of the hydrogen mole fraction as a function of time for an enclosure wherein 
hydrogen is being generated and the escape of hydrogen from the enclosure occurs by diffusion. ’Ihe 
hydrogen mole balance for this case is: 

-= R, -TQC-X,) 
dt 

where: n is the total number of gas moles within the enclosure &mol]; 

X is the hydrogen gas mole fraction; 

RM is the molar hydrogen generation rate mol Hds]; 

4.9 

T is the effective triinsport rate of hydrogen from the enclomre [pol Hz/s-mole hction]; 
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4. Calculation afHydmga Conceatratian 

C, is the flammable gas concentration of the gas escaping the containex [gmovCm3]; 

V is the void volume in the Contatner [ a 3 3 3  and 

t is the time [SI. 
Separating variables and integrating yield: 

c, =c,[L-exp(=9)]. 4.14 

For an exdmple calculation of the hydrogen concentration in a single semi-opea rigid container with its 
contents undergoing radiolysis, see Example tn, Appendix F. 
4.2.2 Simple Nested Enclosures 

This section develops representative methods for modeling the hydrogen comentrah 'on as a function of 
time for various numbem of nested enclosures used to represent nested confinement layers (eg.. plastic 
bags, plastic drum liners, food product cans) and containment layers. 

4.221 Hydrogen Gas Concentration in a Rigid Leaking Enclosure Nested Within a Rigid Non-Leaking 
EnClOsUre 

Consider a rigid leaking enclosure holding radioactive material that is nested within a second rigid 
nonleaking enclosure. The radioactive material within the inner enclosure is radiolytically generating 
hydrogen. If the hydrogen escapes the inner enclosures only by difision, the hydrogen mole balance can 
be farmed as follows: 

d(nlX1)= €2, -TIGl -X2) 
dt 4.15 a,b 

where: nl is the number of gas moles within encIosure # l . ( i ~ e r  enclosure) as a function of time 

n2 is the number of gas moles within enclosure ##2 (outer enclosure) as a function of time 

(=IQ + n&, (not including gas within enclosure #1) &mol]; 

%,I is the initial number of gas moles within e~~losure #1 &mol]; 

-2 is the initial number of gas moles within enclosure #2 [gmoI]; 

nml  is the number of hydrogen gas moles within epclosure #1 as a function of time [gmol]; 

n w  is the number of hydrogen gas moles within enclosure #2 as a function of time [gmol]; 

XI is the hydrogen gas mole fraction within enclosure #l ; 

X2 is the hydrogen gas mole fraction within enclosure #2, 
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For the check that Equaotons 4.19 and 4.20 are the solutions to the diffexmtial Equations 4.1 Sa and 
4.18b, see Example %3, Appendix E For an example calculation of the hydrogen gas concentration in a 
rigid leaking enclosure nested within a rigid non-leaking enclosure, see Example #4, Appendix E 
4.222 Hydrogen Gas Concatration in ' lbo Nested Rigid Leaking Enclosures 

Consick a rigid leaking enclosure holding radioactive mataial that is nested within a second rigid 
leaking enclosure. The radioactive material within the inner enclosure is radiolytically geaerating 
hydrogen. If the hydrogen escapes theinner enclosures only by diffusion, and the quasi-steady 
assumption that the total gas moles in each enclosure m a i n  relatively unchanged is used, the hydrogen 
mole balance can be fonned as follows: 

where: S = Rhl/nl; A = Tl/nl; B = Tl/n2; C =Tz/n2; 

4.21 a,b 

4.22 a,b 

is the number of gas moles within enclosure #1 (innex enclosure) when the enclosure was 
sealed [gmol]; 

is the number of gas moles within enclosure #2 (outer enclosure) when the enclosure was 
sealed boll;  

is the hydrogen gas mole draction within enclosure #I; 

is the hydrogen gas mole fraction within enclosure W, 

is the effective rate of hydrogen transport through the wall of enclosure #1 &mol Hz/s.mole 
fraction]; 

is the effective rate of hydrogen transport through the wall of enclosure #2 fgmol Hz/s.mole 
fraction]; 
is the time [seconds]; and 

is the hydrogen mole fraction in the ambient environment (autside enclosLpe a). 
For an outer enclosure leaking to an ambient environment that contains no hydrogen, then x=O and the 
equations reduce to: 
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4.26 a,b,c 

4.27 a,b,c 

where: S = Rhi/nl; A = Tl/nl; B = TI&; C =T&; D=Tz/n3; 

nI is the number of gas moles within enclosure #1 (inner enclosure) when the enclosure was 
sealed [gmol]; 

n2 is the number of gas moles within enclosure #2 (secondary enclosure) when the enclosure 
was sealed [gmoI]; 

n3 is the number of gas moles within enclosure #3 (outer enclosure) when the encIosure was 
sealed [gmoll; 

XI is the hydrogen gas mole fraction within enclosure #1; 

X2 is the hydrogen gas mole W o n  within enclosure #2, 

X3 is the hydrogen gas mole W o n  within enclosure #3; 

TI is the effective rate of hydrogen transport through the Wan of endosure #1 mol Hds-mole 

T2 is the effective rate of hydrogen transport through the wall of endosure #2 &mol H&-mole 

t is the time [seconds]. 

fraction]; 

fi-action]; and 

The initial conditions for the above three coupled ordinary differential equations are: Xl(O)=O; X2(0)--0, 
and X3(O)=O. 

4.22.4 Hydrogen Gas Concentration in Thtee Nested Rigid Leaking Enclosures 
Consider a rigid leaking enclosure holding radioactive material that Is nested within a second rigid 
leaking enclosure, which is in turn nested within a third rigid leaking e n c l m .  The radioactive material 
within the inner enclosure is radiolytically generating hydrogea If the hydrogen escapes the inner and 
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4. Calculation of Hydmga conoentratiOn 

4.30 &b,c 

4.225 Hydrogen Gas Concenttation in Multiple Nested Enclosures: Generalized Approach 

Generalized Approach for a Single Contents 

Consider radioactive mated& thatissested within multiple encl-. Although differential equatim 
can be developed and solved numerically to detecipne the hydrogen coIlcentration in all void spaces 
between the various confinement and containment layers. the hydrogen gas concentradon within the 
inner-most confinement layer is typically limiting (bounding). It is convenient (and yields bounding 
d t s  for the hydrogen concentration within the inner-most confinement layer) to group the various 
confinaneat lay& togelher to obtain an effective resistance to hydrogen flow that represents the sum of 
the resistances due to all the confinement layers. Using such an approach, the effective rate of hydrogen 
transport through the four confinement layes is: 

Similarly, for N confinement layers, the effwt rate of hydrogen transport through the N layers is: 

4.31 

4.32 

Using this effective rate of hydrogen traasport, the hydrogen wnceatrations associated with a contents 
nested within N confinement layers aad then placed in a containment vessel (slarounded by an 
atmosphere that contains no hydmges) have the fm of Equations 4.23a,b 

dx 
dt 

-= s- A(x, - x2) 
dx 
dt 
- = B(X, - X2) - C(X, ) ,  

4.33 a,b 

nl 

n2 

is the number of gas moles within the inner-most confinement layer Lgmol]; 

is the number of gas moles between the outer-most confinement layer and the containment 
vessel (it is assumed that the volume between the N confinement layers is zero) [gmol]; 
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4. Calcxdation of Hydrogen Coaxatration 

*. 

and the solution for the hydrogen concentration as a fundon of time for the volume between the outer- 
most confinement layer and the containment vessel is: 

-BS Bse~p[-t(A+B)]+ BSt 
(A + B ) ~  (A + B) X& = + 4.36 

where: S = (Rdq); A=&&& and B = cresr/nc). 

G e n e m l W  Approach for Multiple Contents 

For a non-leaking containment vessel holding N contents each with multiple layers of confinement, the 
differential equations describing the hydrogen concentration are- 

4.37 a,b, ...a 

where: 4 is the number of gas moles initially in the multiple confinement layers around payload i 

is the number of gas moles initially in the volume between the outer confinement layers 
around each payload and the containment vessel mol]; 

Xi is the hydrogen mole fraction within the inner-most confinement layer surrounding payload i; 

& is the hydrogen mole fraction between the outer-most confinement layer of each payload and 
the containment vessel; and 

T ~ J  is the effective rate of hydrogen transport across the multiple confinemezit Iayexs around 
payload i Egmol Hz/s.mole fraction]. 

[gmoll; 

Ifit can be assumed that: (a) all the contents are essentially identical, (b) that the hydrogen generation 
rate from each of the contents is the same (i.e., Rw I= Ry F RK 3=. . .= Ry pRd, (c) that the numk 
and type of confinement layers around the N contents are the same (Le., Tc~, 1= Ta Ta, 3 =. . . .= Td, 
F T ~  and nl=n~n3= ...=nN), then the set of differential equations in 3.2.37n reduces to: 

4.38 a,b 

which have the form: 
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4. Calculation of Hydrogen Coaccntratioa 

where: RM is the molar radiolytic gas generation rate [gmoVs]; 

DH is the conteslts decay heat [ew; 

G (net gas) is the effective radiolytic net gas GR value [molecules gad100 ev]; and 

AN is Avagadro's number [6.023xlW mdeculeS/gmol]. 

Using the radiolytic gas production rate, the ideal gas law can be used to desuibe the container pressure 
as a function of time: 

4.45 

where: Pu(t) is the container pressure as a function of time [am]; 
is the initial number of moles of gas inside the container [gmol]; 

is the time that the container has been sealed [SI; 
is the gas law constant [SZOS cm3-atm/gmol-K]; 

is the container temperatwe [Kl; and 

is the container void volume [cm3]. 

t 

R, 
T 
V 

If the container was initially sealed at a pressure PO and a temperature TO, then the initial number of gas 
moles, no, is: 

4.46 

Substituting the expression for the initial number of gas moles and for the radiolytic gas production rate, 
the pressure in a single non-leaking enclosure is: 

4.47 

For an example calculation of the pressure in a single rigid non-leaking container with its contents 
undergoing radiolysis, see Example #6, Appendix F. 

4 3 2  Pressure in a Single Rigid Leaking Enclosure 

Consider a container holding radioactive conmts that has a void volume, V, where gas is generakd at a 
rate, RM, which is the rate of radiolytic gas generation. The container has a small leak hole with a 
diameter, D, through which gas leaks out to the environment at a rate dependent on the gas pressure 
within the container. 

As shown above, the decay heat, 41, that is absorbed by the radiolytic material and the effective 
radiolytic G-value of the material determines the gas generation rate: . 
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. ?his equation has the form: 

dp, 2 -+aP" = @  
dt 

4. calculation of Hydmgcn Cbaatrarion 

* 4.53 

4.54 

455 

and Fm is treated as a constant even though it is a function of the average pressure [(Pu+P&]. Since the 
average pressure is greater than or equal to one atmosphere (for P ,F~ atm), using an average pressure of 1 
arm for the calculation of Fm would bound the rate of gas release from a container. On the other hand, 
neglecting the contribution of molecular flow to the total flow from a container would bound the pressure 
in the containex. 

Separating variables in the above differential equation gives: 

Integrating the above equation and rearranging gives: 

m h - ' ( ~ ) =  ( Q f i ) t +  C , where R,Y, and Ccanbe considered constants & 
Applying the initial condition that Pu=PU,o at t=O, C is determined: 

4.56 

4.57 

4.58 

After substituting for C and rearranging, the gas pressure inside the container as a function of time is: 



4.4 Time to Reach the Lower Flammability Limit for Hydrogen In 

This section addxwxs representative methods for detemining the potential flammability of gaseous 
muures that may be present in mu wastet laqolm 'on packages. AAer a general discussim of 

. flammability limits, methods are presented to predict the time for feaching the lower flammahfiity limit, 
particularly for hydrogen, within various layers of confinement of TRU waste transportation packages. 
The methods are based on limiting hydrogen to a concentration below its lower flammability limit in air 
during the shipping period. Typically the shipping period is a maXimum of one year, which is consistent 
with thetime period for detG ' 'ng the maximum normal operating pressure. For special cases, 
however, alternative shipping periods may be justified. For such justified cases, the shipping period may 
be defined as equal to one-half the time it takes the hydrogen to reach its low= flammability limit. 

4.4.1 Flammability Limits 

The flammability limit of a gas mixture comprised of a flammable gas and a gaseous oxidant repxsents a 
borderline composition; a slight change in one direction produces a flammable mixture, in the other 
direction a nonflammable mixture. There are two limits of flammability, a lower and a higher, for each 
fuevoxidant pair. The lower limit corresponds to the minimum amount of combustible gas and the higher 
of upper limit to the maximum amount of combustible gas capable of confeaing flammability on b 
mixture. Mixtures within these limits liberate enough energy on combustion of any one layer to ignite the 
neighboring layer of unburned gas and are therefore capable of self-propagation of flame others mixtures 
are not. 

4.4.1.1 Hydrogen Flammability Limits 

Flames in mixtures of hydrogen and air are exceedingly pale; the flame in a limit mixture is almost 
invisiile. even in a completely darkened room. Many experiments have been performed to determine the 
lower and upper flammability limits for hydrogen in air (Coward, 1952). A variety of geometxical 
configurations and ignition methods have been used for the reaction chamber. When using a vertically- 
oriented cylindrically-shaped readion chamber, it was found that ignition at the top of the chamber 
(downward flame propagation) resulted in different results for the flammability limits compared with 

. limit of 4.1 volume percent hydrogen in air was measured for upward flame propagation in cylindrical 
tubes with diameters larger than about 2 inches. However, when the tube diameter was decreased to 0.8 
inches, the lower flammability limit was 5.1 volume pemmt hydrogen. For horizontal flame propagation, 
the lower flammability limit for hydrogen in air was about 6.7 volume percent hydrogen, and for 
downward flame propagation the lower flammability was about 9 volume percent hydrogen. 

For purposes of this document, the lower flammability limit for hydrogen in air is taken as 5 volume 
percent hydrogen. This value is considered appropriate based on the methods presented here, which are 
intended to provide a simplified analytical approach that is adequately conservative. 

Increasing the pressure bas only a marginal effect of the lower flammability limit for hydrogen in air. 
Some experiments have shown a slight increase (- 2 volume percent) in the lower flammability limit as 
the pressure is increased from 1 to 5 atmospheres, however, other experiments have observed no change 
in the lower limit for pressures fiom 0.5 to 4 atmospheres. 

An increase in temperature causes the lower limit to approach its lower bounding value, whereas an 
increase in temperam causes the upper limit to increase (Le., at 540°C a 90.45 volume percent 
hydrogen mixture was ignited). 

Transuranic Waste Transportation Packages 

igniting the gases from the bottom of the chamber (upward flame propagation). A lower flammahrlr 'ty 
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4. calculaticm of Hydrogen Conccntxation 

G(net gas) is the radiolytic G value for net gas generation [molecul&lOO ev]; 

is the gas law constant [8205 cm~-atm/gmol.IC1; 

TO is the temperature when the container was sealed [KJ; and 

ais the mole fraction of the gas generated by radiolysis that is hyUrogea. 

From Equation 4.66, it is clear that a must be greater than 0.05 to yield reaxmable results. From a 
physical perspective, if a is less than 0.05, a mixture of 5 volume pereat hydrogen will never wist 
inside the container. Conservative estimates of the time to reach 5 volume percent hydrogen in the 
container can be obtained by setting a equal to 1.0. 

4.4.2.2 Single Rigid Leaking Enclosures 
For single rigid leaking enclosures, the hydrogen mole fi-action as a funcdon of time is given by @ation 
4.71. Setting the hydrogen mole fixtion in thls equation to 0.05 (the lower flammability limit) and 
solving fix time yields the time necessary for the gas mixture inside the vessel to reach Svolume peFcent 
hydrogen: 

t5* =-ln l-- 
T -n [ 4.67 

Mae: n is the initial number of moles of gas inside the container [gmol]; 

T is the rate of hydrogen transport from the enclosure &mol Hz/s.mole lhetion]; and 

RM is the molar hydrogen generation rate mol H&]. 

Equation 4.67 is valid only for cases where (0.05 T) < RM. ?he initial number of gas mole inside the 
Container when it is sealed, n, is calculated using the ideal gas equation along with the (Le., 

4.4.3 Simple Nested Enclosures 

==PoWmgTo). 

The governing equations fix the hydrpsen mole fraction for simple nested enclosures are described in 
Section 4.22 The closed-form solutions giving the hydrogen mole fraction as a function of time for a 
rigid leaking enclosure nested within a rigid non-leaking enclosure am given by Equations 4.19 and 4.20. 
"he closed-farm solutions given the hydrogen mole W o n  as a function of time for two nested rigid 
leaking enclosures are given by Equations 4.224 and 4.25. Since these equation cannot be sdved 
explidtly for time, it is necessary to use a graphical approach, a trial-andenror, or a numerical iterative 
approach to detennlne the time necessary to reach a given hydrogen mole fraction. Ttae simplest approach 
is to plot the solution for the hydrogen mole fraction as a function of time for the region of interest and to 
graphically determine the time that corresponds to the hydrogen mole fraction of interest For an example 
calculation of the hydmgea gas concentration in a package containing radioactive mateaial nested with 
three confinement layers and a containment vessel, see Example #9 in Appendix E 
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6. SUMMARY 
This document addresses hychge-n generation in TRU waste traac;pOrtation packages. Four gened 
hydrogea-gdng mechanisms are considered: (1) chemical reaction, (2) thermal degradation, 
(3) biological me!tabc)lism, and (4) radidysls. General information and guidelines are given fix the first 
three mechanisms, with the focus of the report on hydrogen generation due to radiolysis. 

lzre report provides methodologies for estimating the hydrogen generation in TRU waste due to 
radiolysis. Bounding G(tZ)-values are determined €& common types of TRU wask Equations are 
developed that allow prediction of hydrogen concmtration as a function of time for various TRU waste 
content types and packaging configurations. Also, equations are developed that allow prediction of the 
time required to reach a given hydrogen Concentration for simple packaging configurations. 
General guidelines are provides for limiting the hydrogen generalion and accumulation in TRU waste 
t r ~ r t a t i O n '  packages. 
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APPENDIX A. CHEMICAL REACTIONS 
Many chemical reactions that produce hydrogen gas involve a changein the valance of metal atoms cx 
ions and the formation of hydrogen from the combination of hydrogen ions or from tbe dissociation of 
water. Additionally, hydrogen is ptoduced when a metal hydride is converted to a metal oxide or to a 
metal hydmxide by &on with oxygencontaining species, such as hydroxide ions, oxygen, or water. 

Metatsthataremareelectropos3tivethanhydrogen(abovehydrogen~nthe~~vefarceseries) 
will liberate hydrogen gas upon reaction with dilute add solutions or in some cases warn, lhese metals 
include: Sn, Ni, ll, Cd, Fe, Zn, Al, Be, Mg, Na, Ca, Sr, Ba, Rb, K, andU 

Example reactions between hydrogen ions and metals include: 

Fe(s) + 2H+(aq) * H&) + Fez+(@, and . *  kl 

The reaction between metallic sodium and water is: 

2Na + 2H20 *2NaOH + H2. A3 

Calcium hydride will also react with water to give hydrogen gas: 

CaH2 + 2H20 3 Ca(OH)2 + 2H2. A4 

The dissolution of aluminum or silicon in alkali solution produces hydrogen amording to the reactions: 

2Al+ 2NaOH + 6H20 + 2NaAl(OW4 f 3H2, and A.5 

Si + 4NaOH NaqSi04 + 2H2. A6 

Conosion of metal comprising the packaging (including inner containers) is a phenomenon which can 
appear either generalized or I d .  Corrosion depends on the following parameters: (I) trpe of mebl or 
alloy, (2) chemical properties of the surrounding water or vapor @H, oxidant concentration, etc.), and 
(3) temperatwe and pressure of the sunounding medium. In addition to influencing the camsionrate, 
these parameters affect the type and quantity of the cOaOSion products. 

The following mechanisms describe the corrosion reaction between iron and water: 

3Fe + 4HzO Fe304 + 4H2, and A7 

Fe +W20 + Fe(OH)2 + H2. 

These two reactions will dominate over other iron corrosion reactions if the medium sumxlnding the 
wastes is anaerobic. If no consideration is given to consumption of hydrogen after its formation, thm the 
volume of hydrogen produced will be M y  related to the quantity of imn camled. 

In complex mixtures of transuranic isotopes, water, inorganics, and organics (e.g., lubricants, oils, 
solvents, resins), predicting all possible reactions that lead to hydrogen evolution may be difficult even if 
all the mixture constituents are known La some radioactive liquid and sludge wastes, the hydrogen (and 
othex flammable gas) generation rate has been found to be graterthan that predicted from radiolysis. 
(McDuffie 1994; Hopkins 1994). The disaepancy has been attributed to hydrogen produced by chemical 

A 8  
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. 

R is the gas law constant [8.314 J/mol.K]; and 

Tis the reaction temperature W. 
Although 10 CFR 71.43(d) requires that a package be made of materids and construction that assures 
that there will be no significant chemical, galvanic, or other reactjon among the packaging components, 
amongpackagecontents,~betweenthepaclcagngcomponentsand~packagecontr~ts,forcertafn 
contents such as non-soUdiffed radioactive liquid and sludge waste mixturtS, thete may be some 
hydrogen evolution due to chemical reactions among the coI1stitueats in the contents. For waste mixtures 
whexe the chemical generation of hydrogen is unavoidable, the apppdate advation energy and waste 
temperature should be used to estimate the rate of hydrogen evolution. 
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of thermal tests (In t h e m  Of experfmental 
simulated transpart conditions to determine the generation rate of hydrogen (a osher flammable gases) 
and any potentially CanOsivepPoducts may be nacessary. When a -on packagearat?Lins L 
mixture of polpixic mateaials, eJcPerirnental data concerning the thermal depdationofindividual 
polymeric materials should be used with caution Sinceit has beeu demonstrated that mixhnresof 
p o l ~ ~ ~ ~ e r s  can have d i f f m  (larger) thermally generated amounts of gases than the simple sum of the 
individual polymer contributions. 

Some experimental results of polymer degmdadon studies for seleaed pOlymeTs are pSezWi in Table 
€3.3. From Table B.3, it is clear that significant thermal degradadon should be eJrpected for many 
polymers if the temperature is greater than about 473 K (392°F). However, far essentially all TRU waste 
transportaton contafnm, the waste does not e~~perie.nce tan- greater than abaut 393 K (248°F) as 
a result of the relatively low decay heats. Although most polymeric materials will not undergo significant 
thermal degradation at a temperatwe of 393 K (2480F). this temperature is above the maximum 
continuous service tempemture (MCST) for some polymerjc.materids and a iimited amount of thermal 
degradation may be eJrpected to OCCUI= 'Ihe MCSTis based on the polymer maintaining its required 
s t r u m  properties. Above the MCST, the material could be expected to soffen (except for 
thermosetting resins) as it approaches its glass transition temperature and may release some trapped 
solvents, plasticfiars, and other Iow-volatility matedals and may also undergo some limited thermal 
degradation. Based on a maximum CoIlteSlts temperature of about 393 K (2480F). the polymers typically 
in TRU waste that should be examined as to their thermal degradation gas emission rate include @ut are 
not limited to) nylon, polyethylene, polystyrene, polyvinylchloride, and epoxy. 

Thermal degradation experiments performed on some common waste materials (such as cellulosics, 
plastics, and rubbers) at tempexatures as high as 373 K (212T) indicate that the moles of gas generated . 
per kilogram of material would be 1.23~103 moleslkg (27x103 moldbm)  waste material (Kosiewia 
1979). In addition, carbon dioxide and carbon monoxide are the common thermal degradation products 
and. although these gases would contribute to the total containment vessel gas pressure, they would not 
contribute to the inventory of flammable gases. 

A second-order effect that may be important to consider is the release of HCI from the thennal 
degradation of polyvinylchloride. It is possible that thennaliy liberated hydrogen ions could -0 
corrosion reactions with metals present, which would result in a release of hydrogen gas as a Corrosion 
ma 

Orithepolpalcmatedalsbysub~g them to 

Table B.l Vacuum Outgassing of Some Common Polymers at 298 K (Parker Seals'1992) 

Polymer Compound# %Wgt.Loss Polymer Compound# %W&.Losf 
~~ 

Butyl B 61 2-70 0.18 Nitrile N674-70 1.06 
Neoprene C873-70 0.13 Polyurethane P648-90 0.129 
Ethylene Propylene E5 15-80 0.39 SiIioOIlC 955-70 0.03 
Ethylene Propylene E529-60 0.92 Silicone S604-70 0.31 
Ethylene Propylene E692-75 0.76 Fluorocatbon V747-75 0.09 
Fluorosilicone L449-65 0.28 Fluan>carbon V884-75 0.07 
Fluorosilicone M77-70 0.25 Fluorocarbon V894-90 0.07 
Nivile N406-60 3.45 
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Table B3 Various Thermal Degradation Resuits for Polymers 

Compound. ExpcrimcntidReSultr Rclvnaccr 

due to the initial sample size. 

Polyethylene 

Polyethylene- 
coatedpaper 

Milk Package 

Polyamide 6 

When polrstyrwe is subject to tcm- m the range of633493 K 
(68@788"F), many volatile flammable pudncu are nlc;rsod, iacluding 
benzene, toluene, cthylbcnztat, and diphenylpsopants. 
Wbcn filled polypropylene flaboren) was heated for 35 minutes at 533 K 
(5oooFx many low molecular wedght volatile products wen releas& 
including methane, etbanc, ethene, propeat, butene, 13-butadia1~ acetone, 
pentane, etc. 
Thermal oxidation of polyethylene shows gradual energy absorption mtil 
melting a& about 383 K (23OoF). and then combustion occurs at about $23 K 
(482°F). Polyethylene wil l  release only minimum amounts of toxic or 
flammable gascs at 343 K (158°F). Under air at 773 K (932- in flameless 
conditions, compounds typical of the thexmal degradation of polyethylene 
included: I-aIkew (present in the largest amounts), and tbe cmrespmding 
qc+alkadienes and n-alkane& The only other substance present was 
tricth ylphenol 
When subject to a flameless temperature of 773 IC (932OF) in air, 
polyethylenecoatea p a p  mleased acetone alcobol, trimethoxymethanc, and 
other higher molecular weight substances. 
When themilk package material was subject to773 K (932oF) air in 
flameless conditions, the characteristr 'c products of burning polyethyletre 
were formed, Le. the 1-alkenes, sa~.alkadienes and n-alkana In addition, 
the corresponding alkylaldehydes and derivatives of finals wen present 
The experimentally obtained thermogravametric m e  for polyamide 6, when 
heated at a rate of 2 Wmin undet helium, shows that significant volatile 
products are released when the temperame reaches about 553 K (536°F) and 
that tbe highest release rate ofvolaliiii products occurs when the tempuature 
is about 688 K (779°F). Although the polymer decomposes quantitatively 
producing a high amount of the monomer &-capmlactamc (390%). a 
significant amount of volatile materials are released with molecular weights 
between 15 and 30. For decomposition of a 2XlW kg (4.4~10.5 Ibm) sample, 
the apparent activation energy was about 200 kJ/mole, the pncxponential 

0.82. For this material, there was no effect on the apparent ac!ivation energy 
tactor Was lOg10(A)=14.2, and the calcnlated m t  reaction order w a ~  

Carnid 1991 

Paduwaand 
Ltclercq 1991 

PacaLOva and 
Ledetcq 1991 

PacatFOva and 
LcdcfCq 1991 

Fbcakovaand 
Leclercq 1991 

Bockhorn 19% 
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APPENDIX C. BIOLOGICAL ACTIVITY 
Biological activity within "Ru waSte.Can be a source of gas g d o a  Although most TRU wastes lack 
ddent  substrate to support biological growth md do not provide an avimmeat condudveto 
biological activity, some wastes that contain soils or other potentially biologically amWnh&d materials 
needtobetvaluatedfarthejrpotentialtogenerategases.Theprimary<xmcernisthepossiblereleaseof 
gases from biological systems within the waste that may cmse an increase in containment vessel 
flammable gas COacenEratlon. 

Growth of biological systems results when viable organisms utilize nutrients in the medium in which 
they are contained to sustain growth (Charad& 1988). Not all organic compounds are equally 
susceptible to microbial decomposition; the lhction that provides aergy and carbon for b;acterial growth 
has been called labile dissolved organic carbon (Wetzel and M m y  1972; 0- 1973, biodegradable 
organic carbon (Joret et al. 1988), or assimilable organic carbon (Van der Kooij d al. 1982). Some fbrms 
of TRU waste and many of the packaging materials imide the containment vessel (plastics) are orgaafc 
matetials. l'he potential for microbial activity may exist if there is a suitable awimnmeat for the 
degradation of the organic substrates. Fadors other than nutrients that influence growth or regrowth of 
bacteria in tramportation packages include temperature (Fransokt e!€ al. 1985). resideacf? time in 
packaging (hiaul1985), and the efficacy of disinfkthg technfques (Le ChevaUier et aL 1988). 

Many types of microorganisms should be considered in the degraaation of TRU waste. Aerobic 
microorganisms, which produce carbon dioxide and water, require oxygen fur growth. Aerobic ohganisms 
do not generate any flammable gases; any increase in pressure due to the carbon dioxide and water 
generated is somewhat offset by the oxygen consumed, especially if the conditions permit amdeman 'on 
of the water vapor. Anaerobic miaoorganisms, which can produce carbon dioxide, hydrogen, methane, 
and other products, degrade materials in oxygen-free environments (Hartel and Buckel 1996; Wang et al. 
1971; Rowbottom 1993; Nakamura et al1993; Kalia and Joshi 1995). Anaerobic microorganisms inciude 
facultative anaerohics, which can live with or without oxygen, and obligate ammbics, which cannot 
tolerate any oxygen. Microorganisms most likely to be found in TRU waste products include bacteria and 
fungi. Bacteria utilize only the surface of the materials, whereas fungi can access the matrix of the 
material and are generally found in aerobic environmentS. 

. Of the various waste forms in TRU waste, only cellulosic materials are genetally important in terms of 
the potential for gas generation via biological-induced degradation. Rubber or plastic materials are more 
resistant to microbial actions. The contribution of these compounds to the total gas generation will be 
negligiile because of their inert nature. Sampling programs, whexe drums of TRU waste (in retrievable 
storage up to 15 years) were opened and examined for degradation, found little or no degradation of the 
packaging materials (NRC Docket No. 71-9218, Aug. 11,1999). Even under conditions designed to 
promote microbial proliferation, rubber and plastic &grade very slowly, if at all. Similarly, solidified 
inorganic sludges, which have high alkalinity (pH=10-12) that is hostile for most common 
microorganisms, should not exhibit any significant microbial gas generaton. 

Examples of cellulosic materials that could be present in TRU waste are cotton and paper products. 
Biodegredation of cellulose, which is a polymer composed of chains of glucose monomers, requires 
hydrolysis of the polymer into monomer units. Biological depolymerization is a slow process. Wood is 
also present in TRU waste, but degrades at a much slower rate than cellulose alone because ofthe 
microbial-resistance of the lignin in wood. Since bacterial action is a strong function of surface area and 
substrate availability, TRU waste is typically not very conducive to high microbial activity as a result of 
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APPENDIX D. RADIOLYTIC GVALUES FOR VARIOUS MATERIALS 

D.1 Radiolysis of Water 
~heradiolysis of water has been studied mare than that of any other compound Usingpulseradiolysis 
techniques, it has been shown (SulUvan 1983) that the primary decompasition products of pure water 
about 10-9 seconds after the irradiation pulse from a- gamma source are: HzO 3 H+ -, OH, e-, H, 
H2&, €I2, and OH-. The amounts of these products per 100 eV aborbed (& values) are respectively 29, 
275,265,0.65,0.70,0.45, and 0.25. Many of the water radiolysis decomposition products ;are reactive 
radicals and exdted species (eg., e, is a strong redudng agent, and OH- is a strong oxidizhg agemt) that 
undergo further &on with each other and with the water molecules to give the final pmduas. The G 
values may vary slightly with energy and type of irradiation particle over a wide range of particles and 

Experimental results for the radiolysis of water at room tempexatwe show that G(Hd far water vades 
from 0.4 to 1.7 and that the bounding G(H3 for water subject to alpha radiation is 1.6. Repwentathe 
results from stubies on hydrogen generation from the radiolysis of watex at room temperatme are 
presented in Table D.1. 

D.2 Radiolysis of Unsubstituted Hydrocarbons 
D2.1 Saturated Hydrocarbons 
Saturated hydrocarbons contain only hydrogen and carbon atoms and single carbon-carbon bonds. As a 
group, sah tex i  hydrocarbons include most common petroleum fuels, such as methane, propane, and 
cctane. From experimental results on the radiolysis of saturated hydroaxborn, the bounding G("9 value 
is 5.6 for saturated hydmxubons in the liquid phase at morn temperature in which the activity is due to 
alpha decay. Table D.2 lists experimental G values for saturated hydrombom inradiated at room 
temperature in vacuum. "he radiolytic G values presented include G(Hd, G(-), and was). 

Some general observations have been noted w n d n g  the radiolytic products from saturated 
hydnxarbons (Newton 1963). Normal saturated hydrow'bons yield principally hydrogen, with methane 
k ing  produced only from the methyl end groups. Therefwe, for normal hydmcarbons, the d o  of 
hydrogen to methane increases with increasing molecular weight. With branchedchafn h-, 
relatively more methane is produced, and the yield of methane increases with the number of methyl 
groups on the hydrocarbon chain. An activation enexgy for the G(Hd value for radiolysis of liquid 
neopentane and n-hexane, which is the energy required to initiate the reaction and is usefbl for calcul&ng 
the temperature-dependence of the G-value, was measured to be approximately 3 W m o l e  (Hall 1963). 

D.2.2 Unsaturated Hydrocarbons 

Unsaturated hydrocarbons are hydrocarbons that have at least one double or tIiple carboncarbon bond 
Examples include acetylene, ethylene, 1-hexene, and cyclohexene In general, for a given number of 
carbon atoms, unsaturated hyd.marb0r.s &bit lower radiolytic G-values than the cOrreSpOnding 
saturated hydrocarbons. Table D.3 lists radiolytic G values for several unssdutated hycimarbons 
irradiated in vacuum at room temperature. 

energies (Sullivan 1983). . .  
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D.3.4 CarboXyiic Adds 

carboxylic adds amtainthe carboxyl group aachedto either an slkvl group @COO€€) oran aryl group 
(~rcOOH),withrespedive~ctures: 

R C - 0  Ar-(==+ 
1 I 
OH OH 

Table D.5 lkd~ e x p h e ~ ~ t a l  radiolytic G values f a  two Car'bOXyliC acids that are liqUiaS st foo3n 

temperature. 

D.3.5 Esters 
~sters are functional dedvatives of carboxylic acids in which the -OH of the carboxyl group is repraced 
by -OR'. @hosphar.e esters are discussed separately.) 'Ik emulsifier for~vimstone, agypsum-based 
material used to solidify organic and low pH aqueou~ sludges and li@d waste. has been identified as a 
polyethyl glyoo! ester. In addition, many pla~ticlzers added to polymers to form mmerdal plastics are 
esters. Table D.5 presents experimental G-values for many esters. Benzyl acetate contains a 
and has a much lower G(H9 value than the other esters. 

D.3.6 Phosphate Esters 
Phosphate esters have one of the following structures (Momson and Boyd 1973): 

ring 

0 0 0 
/ / / 

HO-P-OH RO-P-OH RO-P-OR 
I I I 
OR OR OR 

Tricresyl phosphate contains three benzene rings and has a much lower G O  value than either trioctyl or 
tributyl phosphate. 

Tri-n-butyl phosphate ("BP), an organic ester of phosphoric acid, fs used as an extradant in the 
reprocessing of nuclear fuel. Radiolysis experiments have been conducted to determine tbe 
decomposition products of TBP in different phases of the extracdon system. The pwex pocess uses a 
solution of TBP in dodecane (fadridle et al. 1983). Experiments were conducted using both gamma and 
alpha radiolysis of TBP and solutions of TBP in dodecane. The average alpha particle energy used in the 
radiolysis experiments was estimated to be 105 MeV (alpha particles from a cyclotron). Radiolysis of 
pure TBP resulted in the formation of mono and dibutylphosphate, butanol, and saturated hydrocarbons 
(hydrocarbon chains from 5 to 11 carbon atoms long). Radiolysis of pure decane yielded saturated 
hydrocarbons. Holland (1978) performed gamma radiolysis expedments on TBP, dodecane, and mixtmes 
of TBP and dodecane. The values of G(H+6.7 and G(CH4)=0.05 were demmmed * fordodecane. 
Corresponding G values for pure TBP wete G(H+2.O and G(CH4)=0.3. Radiolysis of mixtutes of TBP 
and dodecane were found to yield less hydrogen than would be predided by the mixture law, but the 
yield of acid was gream than that predicted by the mixture law. 

Aromatic hydrocarbons, such as benzene, toluene, and cyclohexene protect TBP from radiolysis, while 

degradation (Barney and Bouse 1977). Carbon tetrachloride! has also been found to sensitize TBP 
saturated hydrocarbons s ~ c h  5 ~ s  hexane, C y c r ~ h e ~ a ~ ~ ~  and dodecane d t f i e  TBP to diollytic * 
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the ~ o c k y  Flats Plant; (2) vacuum ptmp oil @Seal); and (3) Rybn 1ubdrjlrinP grease. A sumrmpy of 
the results of these radiolysis stupies is provided in Table D.8. 

D.7 Radiolysis of Polymers 
polymers, including polyethylene, PVC, and cellulose, are common organic solids found in TRU wastes. 
other solids, such as solidified organic Uquids, a~ueous sludges, and bitumen are dfsarssed in Section 
D.8. 'Ihe controlling factor in the behavior ofpo1ymers under irradicdion, as unda: most 0 t h ~ ~  
~vironm~talinfluences,isthechemicalstructure.This~on~~bothgenaalinformation 
mmxming the relative radiation resistance of po1yme.r~ and 
polymers. Generalized reasonable bounding values are then determined for classes of polymers based on 
functional groups. 

Radiolysis of polymers generally results in two types of reactions: chain sdssion and CrOSSIinking. Chain 
scission (degradation) is the term used for breaking of main-chain bonds. in polymer molecules, which 
results in the formation of species of lower molecular weight when scission of the polymer is 
predominate, smcturat strength and plasticity are rapidly lost. The polymer may eventually crumble to a 
powder. Crossllnldng results in insoluble and infusible netwodk structures because of hmeased mdearlar 
weight and size. Generally, competition occurs between the two reaction mechanisms. 

Additives can be used to improve the aging propeaties of polymers subject to radiation. Commerdal 
plastics and paper contain additives that modify the progerties of the base polymer in the material. The 
additives generally Improve the radiation stability of the commerdal matexiah and reduce G values fop 
flammable gases. Organic additives can be subdivided into two categories: energy-sink mated* and 
chemical reactants. Energy sink materials are charactenzed by having aromatic chammmb 'csand 
oorrespondingly low G values. 

Io the absence of oxygen, polymers can be divided into classes ascording to the& tendency to degrade or 
crosslink Polymers that predominantly crosslink when exposed to radiation have the following radiation 
resistance according to their functional groups and structure: a m a c  > unsaturated > saturated The 
radiation resistance of polymers that are borderline between crosslinking and scission generally follows: 
S-in main chain > aromatic > ester > halogen > saturated. For polymer that predominantly scission whea 
exposed to iadiation the radiation resistance ordering is: aromatioestenalcohobhaIogohol>halogen>saturated 
Oxygen enhances the degradation of most polymers. Table D.9 summarizes some common polymers in 
order of their decreasing resistance when irradiated to net molecular-weight change for polymers that 
predominantly crosslink, are borderline between aosslinldng and sdssion, or that predominantly undergo 
sdssion. 

Polymers that are less radiation riesistant tend to generate more flammable gas from radiolysis. Materials 
that have relatively high radiolytically-generated flammable gas production rates (Le., G(flam gas)=5 - 7) 
include saturated hydrocarbons and polymers containing alcohol or ethet functional groups. Materials 
that have moderate radiolytically-gexrated flammable gas production rates @.a, G(flam gas)=2 - 3) 
include unsaturated hydrocarbons and polymers containing ester functiodal groups. Materials thathave 
relatively low radiolytically-generated flammable gas production rates (Le., G(flam gaskl)  include 
polymers with aromatic charactedstics. A summary of the influence of chemical skucture on flammable 
gas production rates is given in Table D. 10. A summary of the maximum G values observed for polymers 
contahing onIy carbon, hydrogen, nitrogen, oxygen aad halogens are listed in Table D.ll. Relative 
G(gas) values for some miscellaneous commercial plastics are presented in Table D.12 

radiolysis results on vadau 

. 
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D.7.6 CelIuIose 

TRuwaste~yco~fnany~~typesofc+l lulosermchascottoncel lulose,sulf i te~losc,  
wood cellulose, and they may have a wide range of crystallinity. In a t i o n ,  many matPrials arc made of 
or contain cellulose, sua as paper, cloth, wood, Benelex, cellophane, cellulose a&ate (rayon, molded 
items, paints, coatings), and ethyl cellulose (paints, molded items). Radiolysis e w m t s  have been 
performed on many types of cellulose and on the various oeslulosecontaining products using gamma 
radiation, electrons, and alpha particles (Kosiewicz 1981; Zerwekh 1979; Ershov d al. 1986; Arthur 
1970; Dalton et al. 1963). Based on the available experimental data, extremely mmewative boarading (3 
values for cellulose and cellulose products m estimated to be G(H+3.2, G(flam gas)=3.2, and 
G(gas)=lO.2 If sulfite cellulose and cotton Cenulose are not present in the waste. reaSOnable bounding G 
values are estimated as G(H+1.4 and G(flam gask1.4, and G(net gas)= 6.2. 

D.7.7 Urea-Formaldehyde 

Urea-formaldehyde is a possible solidification medium for nuclear power reactor wastes. Although 
strongly dose dependeslt, the G values for doses corresponding to those seen in TRU waste packages 
during transportation are G(H+2.4, G(flam gas)=24, and G(net gask28. 

D.7.8 Polyoxymethylene 

A few authors have reported radiolysis results for polyoxymethylene (Krasnansky et al. 1961; Dole 1973; 
Sobashima et al. 1959; Nitta 1961). Theradiolysis gases typically included about 15% Ha 67% C a ,  1% 
CO, 10% C&, 1% methyl formate, 2% methyl ether, and 3% other gases (all volume percent). At room 
temperature, the bounding radiolytic G values are estimated as G(H+2.1, G(flam gasb5.6, and G(net 
gas)=14.1. 

D.7.9 Polypropylene Oxide 

It has been determined (Geymer 1973) that polypropylene oxide is more susceptible to degradation under 
irradiation than polypropylene, and yields less hydrogen The bounding G values for polypropylene oxide 
are G(H+l.O, G(fI am gas)=l.l, and G(net gas)SlA. the bounding G values for polypropylene are 
G(H+l.I, G(flam gas)=1.2, and G(net gaQS1.6. 

D.7.10 Polyvinyl Formal 

' 

From irradiation experiments in a graphite reactor, the was) value for polyvinyl formal was found to be 
1.4 times the value measured for polyethylene (NRC Docket No. 7 1-921 8, Aug. 11,1999). 

D.7.11 Polybutadiene and Polyisoprene 

Latex is the commercial name for polybutadiene and polyisoprene. The bounding G vales for Latex are 
estimated as G(H+0.7, G(fl am gas)=O.9 and G(net gasH.9 (Kazanjian 1976; zerwekh 1979; Bohm 
1973). 

D.7.12 Polymethyl Methacrylate (PMMA) 

The main volatile products from the alpha radiolysis of PMMA are Hz, Cq, CO, C&, propane and 
methyl methacrylate monomer (Kazanjian 1976; zerwekh 1979; Chapiro 1962; Busfield et al. 1982; Bolt 
and Carroll 1963). Reasonable bounding G values for the radiolysis of PMMA are estimated as 
G(H&=0.4, G(flam gas)=20, and G(net gasw.1. 
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'. 
D.7.19 Polychloroprene 
NeoprenerubberL c~mposedOfp~lychloropr;ena m y  gamma-tadiolysis results of polychl- 
have been report& in the l i e  The main gaseous products fnnn the radiolysis of polychtoroplene 

values am estimated as G(Kz)=G(nam gasW.1 and Wnet gasH.7. The reawnable bounding G(HCl) for 
the radiolysis of polychlomprene is estimated as 0.06. 

art H2, HQ, CO, a and othet dscelIaneouS short-chain hydrocarbons. lie bounding rtadiolytic G 

D.7.20 Chlorcrsulfonated Polyethylene 

Hapalon @.gloves are composed of chlorosulfonated polyethylene. In addition lead oxide is often 
incorpclrated into the gloves to provide gamma shielding. Radiolysis experiments on commercial 
Hapalon 63 indicate that the bounding G values are G(Hd=G(5am gas)=0.3 and G(ne€ gasw.6  
(Koslewicz 1981; Kazanjian 1976; Zerwekh 1979; Arakawa 1986). 

D.7.21 Polytetrafluoroethylene (PTFE) and Polychlorotrifluoroethylene 

Since both Polytetrafluoeoethylene and Polychlmtrifluoroethylene contain no hydrogen in their base 
polymers, G(H2) and G(fiam gas) for these materials is Zen>. Almost all the radiolysis gases produced by 
these compounds is (2%. The bounding G(net gas) value found was 1.1 (NRC Docket No. 71-9218, Aug. 
11,1999). 

D.7.22 Polyamides 

polyamides are a class of compounds that include such commercial products as Nylon and N o m a  
G values for polyamides can bebounded with G(H+l.l, G(flam gas)=l.2, and G(net gas)=l.S 
(Krasnansky et al. 1961; Dole 1983; Zimmerman 1973). 

D.7.23 Ion-Exchange Resins 

?he G values for synthetic organic resins, which comprise the vast majority of ionexchange resins, 
depend on the resin and the ionic form of the resin (Pillay 1986). Of the many ion-exchange resins 
investigated, the bounding G values were found to be G(Hz)=G(flam g a ~ b l . 7  and G(na gas)=Zl. Most 
G values for ion-exchange resins were much 10we.r than the bounding values indicated I€ an ion- 
exchange resin is to compose a major portion of a waste shipment, dt%xmining the relevant G values for 
that particular material may be useful. 

D.8 RadioIysis of Non-Polymer Solids 
Non-polymer solids include solidified liquid wastes, solid organic acids, asphalt, and miscellaneous 
inorganic solids. 

D.8.1 Radiolysis of Solidified Liquid Wastes 
Solidified liquid wastes include sludges, concretes, and gel-like or monolithic structures that bond liquid 
wastes so that fkee liquids are minimized. 

D.8.1.1 Aqueous Sludges 

Radiolysis experiments have been conducted'(Kazanjian and Killion 1981) on a common sludge 
produced at the Rocky Flats Plant to detemm * e the radiolytic gas yields as a function of water content 
and nitrate content. This sludge was produced by the neutralization of nitric acid solutions in the 

0 
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Table D.l Radiolytic G O  Values for Water at 298 K 

Pbrrse G(H3 Comments Ref- 

w 05  gamma,electron 
liquid 0.4 gamma, electron, pH4.5 

liquid 0.45 gamma, electron, pH=3-13 

liquid 1.1 6.4 MeV He++ 
liquid 1.3 (3-244 alpha (5.8 MeV) 
liquid 1.6 5.3 MeV alpha (Po), pHd.5 
liquid 1.7 (3-252 alpha, beta. fmion fhgs 0.4M 

bso4 

Spinks and Woods 1976 
Spinks and Woods 1976; Burns and Sims 
1981 
Spinks and Woods 1976; Bums and Sims 
1981 
Bums and Sims 1981 
Bibler 1974 
Spinks and Woods 1976 
Bibler 1975 
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berates, the G(H9 values reported - 4 5  faoctane and 20 for vacuum pump oil. 'Iheradiolysis 
gases were predominantly hydrogen anb had the aOminat ratI0 H z C e  = 1.0/0.03/0.01. 

studies of water adsorbed onto inorgattic oxides (Si%, SiQ-AI, SiQ-Ca, E r A ,  La203, and &@) 
subject to gamma radiation indicate that energy transfer can occur fmm the oxide to the water molecules 
(Ga~ibov 1983). Values of G(H3 nieasure indicate that the energy transferred from the oxide to the 
absorbed water can be 3-5 times the energy originally absorbed by the water @ased on its mass W o n ) .  
For watef-inorganic oxide systems, an increase in temperature led to a deaease in Golz), which was 
attributed to EL greater desorptton rate of water molecules from the oxide surface at the higher 
t e m ~ m  and the corresponding decrease in edfktive energy transfer €fom the oxide to the absorbed 
water molecules. 

D.8.2 Radiolysis of Solid Organic Aads 

G(H?) values for some organic acids that are solid at room temperature have been reported in the range 
from 1.2 to 2.3 (Bolt and Carroll 1963). was) values for the same materials range fmm 1.8 to 4.1. l'he 
maximum G value for flammable gas was 26. A value of G(C02) of 14 has been reported for one of the 
organic adds (isobutyric acid) (Spinks and Woods 1976); 

D.8.3 RadioIysis of Asphalt 
A value of G(gas) fa bitumen (asphalt) for low absorbed dose was estimated to be 1.3, with hydrogen 
being the primary gas evolved (Kosiewicz 1980). No dependence on temperature was obseaved from 20 
to 70°C. Gamma radiolysis experiments reported by Burnay (1987) measured lower G values. 

D.8.4 Radiolysis of Soil 

Gas evolved from plutonium-contaminated soil has been reported (Pajunen 1977). ?he soil was removed 
from the Z 9  trench at the Hanford site, which had been used as a liquid waste disposal site for the 
Plutonium Finishing PlanL The waste solutions deposited in the trench were acidic and consisted of (1) 
aluminum, magnesium, calcium, and other metal nitrate salt wastes, (2) degraded solvents (15% triiutyl 
phosphate or dibutyl phosphate in Cm), and (3) other organics, such as solvent washings, fabrimion 
oil, and other waste materials from hood and equipment flushings (Ludowise 1978). ?he top 30 cm of 

averaging approximately 5 wt. 8. Organic content averaged 7.1 d 9 with arange of 0.2 to 46.4 wt %. 
?he highest value of G(gas) calculated from Pajunen's data was 1.6, for a soil having a combined mganic 
and moisture content of about 15 d %. 'Ihe typical composition ofthe gas generated by the soils was 
50% N2,14% a, 23% H2, and 13% C& (percents for gases are volumetric). 

Soil samples from Mound Laboratory property were contaminated with plutonium dioxide (partides 
avetaging - 20 pn) and analyzed for radiolytic gas generation. Gas genemion was measured from a sou 
sample that contained about 5 wt. 8 water. The G(gas) value was 0.22, with G(H+O.15 and 
G(C0+0.07. Oxygen was consumed, with G(-O+O.10 (NRC Docket No. 71-9218, Aug. 11,1999). 

D.8.5 Radiolysis of Dry, Solid Inorganic Materials 

Dry, solid inorganic materials do not generate hydrogen but may produce other gases (muently 
oxygen). 

Some common inorganic chemicals used in processing aqueous wastes include ferric sulfate, calcium 
chloride, and magnesium sulfate. A treatment proczss has been identified (Kazanjian and Killion 1981) 

. soil was sampled from the trench. The soil moisture content ranged between 0.2 and 255 wt 8, 
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that produces a precipitate of hydrated oxides of hn, magnesium, aluminum, sillcon, etc. In addition, 
various nitrates and carbonates can be present in dry solid inorganic materials. 

For stoichiorneaic decomposition of nitrates, a value of G(w sbould be one-hlfofthe ma-) value. 
A value of G(w1.3 has been determined (Johnson 1970). G values measured far gammradiolysis of 

For alkali and alkaline earth perchlurates, values of G(Cl-)<l.l and G(QJd.3 were m(#sured. Neither 
-ne nor free chlorine were detected in radiolytic gas generation measurements on dry solid inorganic 
materials. 

D.9 Radiolysis of Gases 

Radiolysis of the nitr0gedoxyge.n mixhue found in air produces a small amount of ozone, as well as 
oxides of nitrogen (Spinks and Woods 1976). In a closed system, back readions Iead to an equiUbrium 
concentration of these gases of a few ppm for ozone to a few percent for No1 and N20. The NO yidds 
are much smaller (Kazanjian and Brown 1969). When moistwe i s  mt, the mah product is nitric acid, 
which is formed until the water vapor is exhausted (Spinks and Wcxxis 1976; Kazanjian and Brown 
1969). G values for nitric acid formation rn about 1.0, but vary With watff Concentration (Kazanjian and 
Brown 1969). 

Gaseous carbon dioxide is almost unaffected by ionizing radiation (Spinks and Woods 1976), possibly 
due to a back d o n  between CO ozone to fonn (2% and &. 

barium, Potassiam, and s O d i ~ m  chlorates had G(Cl-)<1.8 and G(m4.0. 

I 
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Table D.l Radiolytic G(HZ) Values for Water at 298 K 

gas 0 5  
liquid 0.4 

liquid 0.45 

liquid 1.1 
liquid 1.3 
liquid 1.6 
liquid 1.7 

gamma. electron, pH=3-13 

6.4 MeV He++ 
On-244 alpha (5.8 MeV) 
5.3 MeV alpha (Po), pH4.5  
Cf-252 alpha, beta, fmion fiags, 0.4M 
H2so4 

S p a  and Woods 1976 
Spinks and Woods 1976; Bums and Sims 
1981 
Sphks amj Woods 1976; Burns and Sims 
1981 
Bums and Sims 1981 
Bibler 1974 
Spinks and Woods 1976 
Bibler 1975 
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Table D3 Radiolytic G Values for Saturated Hydrocarbons at 298 K 
~ 

Experimental 
Compound Phase G(H3 G ( W  G(gas) Conditions Ref- 

PFopane 
n-butane 
isobutane 

pen- 
aeopentane 
hexane 
pentane 

hexane 

cyclohexane 

I 

I 

I . 
heptane 
octane 
n 

n 

nmane 

&e 
docedane 
h e x a d m e  
2-methylpentane 
2.2-dimethyl- 
butane 

gas 
gas 
gas 
gas 
gas 
gas 
liquid 
liquid 
liquid 
liquid 
liquid 
liquid 
liquid 

liquid 
liquid 
liquid 

liquid 

liquid 

liquid 
liquid 
liquid 
liquid 
liquid 

8 2  
9 
7.4 
7.3 
2 
5.6 
4.2 
4.2 
5 
5 
5.6 
5.3 
7.7 

4.7 
4.8 
4.6 

4.2 

5 

5.2 
4.9 
4.8 
4.0 
2.0 

0.4 
12 
2.7 
0.8 
2 
0.8 
0.4 
0.2 
0.2 
0.1 
0.1 
0.0 

NA 

0.1 
0.1 
0.1 

NA 

0.1 

0.1 
0.1 
0.0 
0.5 
1.2 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
5.4 
5.2 
7.2 
5.7 
5.3 
NA 

NA 
NA 
NA 

NA 

NA 

NA 
NA 
NA 
NA 
NA 

alpha, vacuIIo1 
alpha, vaalrnn 
alp& vacuum 
alpha, vaamn 
alpk vacuum 

alpha, vacuum 
electron, vacuum 
electmn, vacuum 
electmu, vacuum 
electron, vacuum 
electron, vacuum 
a l p b  vacuum 
fission frags, 
vac. 
electron, vacuum 
electron, vacuum 
gamma, air 

elecbon, vacuum 

electron, vacuum 
electron, vacuum 
electron, vacuum 

electron,vacuum 
electron, vacuum 

Spinks and Woods 1976 
Spinks and Woods 1976 
Spinks and Woods 1976 
Spinks and Woods 1976 
Spinks and Woods 1976 
Spinks and Woods 1976 
Spinks and Woods 1976 
Hall 1963 
Spinks and Woods 1976 
Hall 1963 
Spinks and Woods 1976 
Spinks and Woods 1976 
Gaumann 1968?? 

Spinks and Woods 1976 
Spinks and Woods 1976 
Bibler and Orebaugh 
1978 
Bibler and Orebaugh 
1978 
Spinks and Woods 1976; 
Bibler and Orebaugb 
1978 
Spinks and Woods 1976 
SpinLs and Woods 1976 
Spinks and Woods 1976 
Spinks and Woods 1976 
Spinks and Woods 1976 

neopentane liquid 1.6 3.7 5.6 gamma, vacuum Hall 1963 
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Table 0.3 Radiolytic G Values for Unsatnrated Hydrocarlwns at 298 K 
-- 

ExIJ=i=na 
~mpound Phase Gca;) G(CEd C(gas1 Conditions Ref- - 
etbylcne gas 1.2 0.1 2 8  electmn,vacuum Hall1%3 
cyclahexene liquid 1 3  0.0 1.3 gamma,vacuum SpiollsandWoods 

1976 

1976 
I) liquid 3.0 0.0 3.0 alpha, vacuum spinksandwoods 

1-hexene liquid 0.8 0.0 0.8 electron,vacnum Hall1963 

. .  
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Table D.4 Radiolytic G Values for Common Aromatic Hydrocarbons at 298 K 

l3xperimcntal 
Compound Phase G O  WCH$ G W )  cadith~ References 

bwzene 
" 

toluene 
I 

a 

p x  ylene 
etbyl benzene 

I 

I 

isopropyl 
benzene 
W 

tert-butyl 
benzene 

mesitylene 
biphenyl 

I 

.. 
pcerphenyl 
U 

liquid 
liquid 
liquid 
liquid 
liquid 

liquid 
liquid 

liquid 
liquid 
liquid 

liquid 

liquid 
liquid 
liquid 

liquid 
liquid 
liquid 
liquid 
liquid 
liauid 

Liquid 

0.6 
< 0.1 
< 0.1 

0.6 
0.1 
0.1 
0.2 
0.2 

0.2 
0.2 
0.2 

0 2  

0.3 
0.2 
0.1 

0.2 
0.2 
NA 
NA 

< 0.1 

0.0 
< 0.1 
< 0.1 

0.0 
< 0.1 
< 0.1 

0.0 
< 0.1 

< 0.1 
<0.1 . 

0. I 

0.1 

0.1 
0.1 
0.1 

c 0.1 
c 0.1 

NA 
NA 

< 0.1 
< 0.1 c 0.1 

0.8 
< 0.1 
< 0.1 

0.6 
0.1 
0.1 
0 2  
02  

0.2 
0.2 
0.3 

0.3 

0.4 
0.3 
0.2 

02 
0.2 

< 0.1 
0.1 

< 0.1 

electron. vacuum 

alp& vacuum 
reactor, vacuum 
electron, vacuum 

reactor, vacuum 
electron, vacuum 
electron, vaczlum 
Ram, vacuum 
electron. vacuum 

Spinlrs and Woods 1976 
SpilJkS and woods 1976 

5-146 1963 
SQinkS md woods 1976 
Spinks and Woods 1976 
Hall 1%3 
Spinks and Woods 1976 
?-&dl 1963; IEEE S-146 
1963 
Spiaks and Woods 1976 
Hall 1%3 
Spinks and Woods 1W6 

Hall 1963; IEEE S-146 
1963 

HaIl'1963 

1%3 
Hall 1963 
Newton 1963 
Hall1963 
Hail 1963 
Hall 1963 

IEEE 5-146 1963 

Hazl 1%3; IEEE S-146 

cO.1 reactor, vacuum Hall 1963 
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Table D5a Radiolytic G Values for Various Oxygenated Compounds at 298 K 

Alcobls: 
methanol 

ethanol 

methanol 

U 

U 

ethanol 

I 4  

U 

l-propanol 

U 

2-propanol 

n-propanol 
l-butanol 

u 

t-butanol . 

n-butanol 
l-octanol 
1 -decanol 

g* 

gas 

liquid 

liquid 
liquid 
liquid 

liquid 
liquid 
liquid 

liquid 
liquid 

liquid 
liquid 

liquid 
liquid 

liquid 
liquid 
liauid 

10.8 

10.8 

5.4 

3.5 
4.0 
5.0 

35 
4.1 
4.4 

2 8  
3.7 

2.8 
4.6 

3.6 
1 .o 

3.6 
3.5 

1 .o 

1.2 

0.1 

0.2 
0.2 
0.1 

0.1 
0.1 

0.1 

0.1 

0.1 

0.3 

0.9 

0.7 

0.4 
0.2 
0.6 

0.4 
0.4 

0.1 
1.5 

0.1 

0.1 
3.6 

0.1 
c 0.1 

3.5 < 0.1 < 0.1 

121 

129 

6.2 

4.5 
4.4 
5.7 

45 

4.6 
4.4 

3.0 
5.2 

3 9 
4.6 

4.3 
4.6 

4.3 
3.7 
3.6 

gamma, 

alpha, vacuum 
alpha, vacuum 
gamma,-m 

alpba, vacuum 
gamma, VaclmJXl 

alpha, vacuum 
gamma, vacuum 

alpha. vacuum 
alpha, vacuum 
d D h a .  VaCUUm 

spinksandwoods 
1976 
spinksandwoods 
1976 
SpinkSandWoods 
1976 

Hall 1963 
SpinkS and Woods 
1976 

S-146 1963 

IEEE S-146 1963 
Hall 1%3 

1976 
Hall 1963 
Spinks and Woods 
1976 

Spinks and Woods 
1976 
Hall 1963 
spinksandwoods 
1976 

SpinkSandWoOds 

IEEE S-146 1963 

IEEE S-146 1963 
Hall 1963 
Hau 1963 
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Table D.5b Radiolytic G Values for Various Oxygenated Compounds at 298 K 

Compound Phase G(H3 G(C0) G ( W  G(gps) CondStiolrp Rtfertnces 

Ethers: 
cthyl ether liquid 3.4 NA 0.4 3.8 gamma,vacuum SpinksamdWoods 

1976 
Y liquid 3.6 0.1 0.2 3.9 alpha,vacuum Hall1963 
ethyl n-butyl liquid 33 0.1 0.1 3.5 alpha,vacnum Hall1963 
ether 
diiutyl ether liquid 2.9 NA 0.1 3.0 gamma,vacuum SpinlcsandWoods 

1976 
n-butyl ether liquid 2.7 0.1 0.1 . 2.9 alpha, vacuum Hall 1963 
ethyl tertbutyl liquid 2.0 0.1 0.8 2.9 alpha,vacuum Hall1963 
&el- 

isopropyl ether 
64 

G1sOpropyl 
ether 

diOXan 

liquid 
liquid 
liquid 

2.2 <0.1 
2.4 0.1 
2.4 NA 

1.5 8.4 
0.9 5.8 
1.7 4.1 

gamma, vacuum 
alpha, vacuum 
gamma, vacuum 

Newtan 1%3 
Newtan 1%3 
S p i n k S a n d W ~  
1976 
Spinks and Woods 
1976 . 
Spinks and Woods 
1976 

2.1 0.3 

2.6 NA 

NA 2.4 liquid gamma, YacuuLn 

liquid NA 2.6 Gamma, vacuum tetrabydrofm 

Akikhydes & 
Ketones: 
propion-aldch y de 
acetone 

0.1 4.4 
1.76 3.62 

electron, vacuum 
60-Co-gamma 

liquid 
liquid 

1.2 1.6 
096 0.56 

Hall 1963 
Spinks and Woods 
1976 
Spinlcs and Woods 
1976 
Spinks and Woods 

' 1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Hall 1963 
Hall 1%3 

liquid 1.47 0.8 0.97 3 -86 69 MeV He ions U 

liquid 2.36 1 .os 0.99 5.17 67 MeV C-ions u 

U liquid 2.71 1 2 2  

1 .o 0.6 

0.96 5.77 65.7 MeV N ions 

U liquid 1.8 3.6 

liquid 1.5 0.8 1.0 3.9 alpha, vacuum 

Y liquid 
liquid 

0.9 0.8 
1.2 0.8 

26 4.8 
0.9 6.8 methyl ethyl 

ketone 
diethyl ketone liquid 1.2 1.5 0.1 7.7 gamma,vacuum Hall 1963 
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Table D5c Radiolytic G Values for Various wgenated Compounds at 298 K 

-M 
Compound P b  G(H3 G(C0) G(CB() G W )  Conditlops Refcrcnccs 

Carboxylic Acidr: 
acetic acid 

n 

propionic acid 
Esters: 
methyl acetate 

n 

II 

ethyl acetate 
isopropyl acetate 

n-propyl acetate 

di(2-ethyl) hexyl 
sebacate 

I 

benzylacetate 

.I 

di(2-ethyl- hexyl) 
adipate 
pentaerythritol 
ester 
Phosphare Esters: 
triaesyl 
phosphate 

liquid 

liquid 

liquid 

liquid 

liquid 
liquid 
liquid 
liquid 
liquid 
liquid 
liquid 
liquid 

liquid 
liquid 

liquid 

liq&d 

hributvl DbOSDhate liauid 

0.5 

0.5 

0.8 

0.8 

0.9 
0.6 
0.9 
0.9 
0.5 
0.8 
0.1 
1 .o 

1.0 
0.9 

0.8 

0.05 

0.2 

0.4 

0.3 

1.6 

1.6 
1.2 
1.1 
1 2 
0.8 
1.1 
0.2 
0.3 

0.3 
0 5  

0.8 

< 0.1 

2.0 NA 

3.9 

1.4 

0.5 

2.0 

21 
0.8 
1.6 
0.9 
1 .o 
0.4 
0.8 

c 0.1 

< 0.1 
< 0.1 

< 0.1 

< 0.1 

0.3 

10.5 

7.2 

55 

5.7 

5.6 
3.4 
3.6 
5.6 
3 -6 
4.0 

’ 2.7 
1.8 

1.5 
1.7 

1.9 

0.06 

2.3 

gamma, vacum SpiaLs and Woods 

aIpha, vacuum Spinks and Woods 

alphvacuum Hall1963 

1976 

1976 

gamma. vacuum 

gamma. vacunm 
electron, vacuum 
gamma, vacuum 
alpha vacwlm 
electron, vacuum 
electron. vacuum 
electron,vacuum 
electron, vacuum 

spinksandwoods 
1976 
Hall 1%3 
Hall 1963 
Hall 1963 
Hall 1%3 
Hall 1963 
Hall 1963 
Hall 1963 
lEEE S-146 1963 

gamma, vacuum 
gamma, vacuum 

Axakawa et al. 1983 
Arakawa et al. 1983 

gamma, vacuum Arakawa et al. 1983 

gamma, vacuum Arakawa et al. 1983 

Ramma Holland et& 1978 
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Table D.6 Radiolytic G Values for Halogenated Hyclrocarbons at 298 K 6 

Expcti-w 

i 
Compound Phase G(H9 G(HQ) G(F3 C(g0S) Conditions Ref- 

tetrachloride 1976; JEEE S-146 I 
1963 I 

liquid NA NA NA 8.6 gamma, oxygen Spinks and Wocds I 

1976 i 
Kazanjian 1976 I 

carboa liquid 0.7-0.8 0.7-0.8 NA NA gamma,vacuum SpinlnandWoods 

I 

I liquid NA NA NA 0.6 alpha, air 
chlorobenzene liquid cO.1 1.4 < 0.1 1.4 gamma,Mcuum SpinksandWoods 

bromobenzene liquid ~ 0 . 1  2 3  0.2 * 25 gammavacuum SpinksandWoods . 

idobenzene liquid c 0.1 < 0.1 2 0  20  gamma,Mcnum SpinksaodWoods 

111- liquid 0.2 NA NA 0.7 alpha Kazarjian 1976 
trichloroetbane 

1976 

1976 

1976 

I liquid NA 0.4 NA NA gamma Getoffand Lutz 1985 
Freons liquid NA NA NA 2.6max gamma Alf&si 1982, Alfassi 

and Heusinger 1983 
chloroform liquid NA 5-11 NA NA gamma, vacuum Ouolenghi and Stein 

1961; Cben et al. 
1960 

methylene liquid NA 4.9 NA NA gamma,vacuum IEJZS-146 1%3 
chloride 
trichloroethlyene liquid NA 0.25 NA NA gamma,vacuum Kazanjianand 

Horrelll971; 
Kazanjian and Brown 
1969 

liquid NA G(H+)= NA NA g"mnlaOL Kazanjian and Brown 
4600 1969 

I 
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Table D.7 Radiolytic G values for Organic Nitrogen Compounds at 298 K 

Experimental 
Compound Phase G(H9 G(gas) Conditiom RefueDCCS 

nitrometbane 

nitrobenzene 

aceton.iuile 

methylamine 

aniline 

ptopionamide 

Pyrrole 

3-pyrroIine 

pymllidine 

PyrazOle 

teuazole 

pyridine 

pyrimidine 

mono-n- 
butylamine 

dibutylamine 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

liquid 

NA 

NA 

0.67 

5.4 

0.12 

0.14 

0.2 

234 

6.35 

0.04 

trace 

0.025 

0.03 

5.6 

3.6 
2.7 

20  

0.16 

152 

558 

0.4 1 

3.67 

NA 

NA 

NA 

0.16 

0.96 

NA 

NA 

10.1 

NA 
NA 

&amma, vacplllll 

gamm&vaatum 

gamma, vacuum 

gamma, vacuum 

gamma, vacuum 

gamma, vaanlm 

gamma, vacuum 

gamaa, vacuum 

gamma, vacuum 

gamma, vacuum 

gamma, vacuum 

gamma, vacuum 

gamma, vacuum 

g a m m n . W ~ S *  

g a m m a . w w . 5  
Gm3)34.0 

S p i n k S a n d W ~  
1976 
Spa& and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
spinksand woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Spinks and Woods 
1976 
Mirichi 1981 

Mirichi 1981 
tri-n-butyl amine liquid gamma, WW5, Mirichi 1981 

note: HC indicates hydrocubon gases 
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Table IDS RadloIytic G Values for Common Commercial Lubricants at298 K 

Silicones 

W 

DuoSeal 
vacuum 
pump oil 
It 

Rycon 
lubricating 

G(H+2.3 

G(gasb1.7; G(Hz)=1.6 

M c U U m  Aralrawaetal. 
1983 

air, mixed w/ calcium Kazanjian 
silicate to form paste 1976 

vacuum; 8.4 Mrad Kazanjian and 
Brown 1969 

500 torr a; 8.4 Mrad Kazanjiau and 
Brown 1969 

500 torr 9; 1.4 Mrad Kazanjian and 
Brown 1969 

&, sorbed on zerwekh 1979 
vermiculite 

air 

air 

Bibler and 

1978 
Bibler and 

1978 

orebaugh 

ckebangb 

I 

-_I- 
-- 

VacUumBiair Kazanjian and 
Brown 1969 
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Table D9 Radiation Resistance of Some Common Polymers at 298 K 

Radiation resistance of common polymers that p d d n a k l y  crosslink 
- 

Polymer chorsderistics 

POlYStYrene aromatic 
analine-formaldehyde alUlllatic,Ninmainchain 

poly(viny1 carbazole) aromatic, N in main chain 

nylon N in main chain (amide) 
polymethyl acrylate 
polyacrylonitrile 
styrene-butadiene rubber 
polybutadieoe 

Po~yisoprene 
nitrile-butadiene rubber 

ester 

C-N triple bond 
aromatic, unsamted 
unsatllrated 

unsaturated 
C-N triple bond, umaturated 

polyethylene oxide ether 
polyvinyl acetate estet 
polyvinyl methyl ether ether 
polyethylene saturated 

silicone Saturated 
Radiation resistance of common polymers that are borderline between predominant 
crosslinking and scission 

~ 

Polymer Characteristics 
polysulfide rubber Sinmainchain 
polyethylene terephthalate aromatic, tstcr 
polyvinyl chloride halogen 
polyvinylidene chloride halogen 
po~flropY lene saturated 
Radiation resistance of common polymers that predominately scjssion 

~ ~- 

Polymer CharpCter ist iCS 

phenol-formaldehyde azomatiC 
polymethyl methacrylate ester 
polyvinyl alcohol alcohol 
polytetrafluoroethylene halogen 
polyisobuty Iene saturated 
CelIUlOse alcohoYether 

97 



Table D.10 Expect& Relative G(fIam gas) Values for Structurally Related Polymers 
Containing Only Carbon, Hydrogen, Nitrogen, and w g e n  

Hi& [itqaid G ( h  gas) r: 5 - 7] 

hydmcadm polymers containing only saturated C-C 
bonds 
Polymers containing alcohol functional p u p s  
hlvmets C0ll-Q ether fUIlCtiOld lFfoUDS 

~ 

Medium [liquid G(flam gas) = 2 - 31 
Hydroarbon polymers antainiig UIlSatnrated C-C bonds 
Polymus containing ester functional groups 
Low Piquid G(flPm gas) < 1 
PolYmes with aromatic characteristics 
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Table D.ll Summary of Maximum G Values for Vdous Classes of Polymers at 298 KI 

Group porsprv G(flam gas) G(net gas)b 

4.0 4.1 4.1 Saturated- pol yeth yleae 

Alcohols 

Ethers 

unsaturated - 
Hydrocarbons 
Esters 

Aromatics 

Halogen - 
Containing 
Polymers 

Miscellaneous 

PolmPYlen= 
eth ylene-propylene 
pol yisobutylene 
polyvinyl alcohol 
polyethylene glycol 
cellnlose 
cellulose nitrate 
urea formaldehyde 
pol yoxymeylene 
polypropylene oxide 

pol ybutadiene 

polymethyl methacrylate 
polyvinyl acetate 

polysulfone 
polycarbonate 
polyesters 
polyphenyl methacrylate 
polyvinyl chloride 
polycbloroprene 
chlorosulfonated polyethylene 
pol ychlmtxifluoroethylene 
pol ytetrafluoroeth ylene 
chlorinated polyether 
rubber hydrochloride 
polpinylidme chloride 
polyamides 

polyvinyl f d  

polyisoprene 

polystyrene 

3.3 

1.6 
3.1 
3 5  
3.2 

C 

d 

2.4 
2.1 
1.1 

0.5 
0.7 
0.4 
0.9 
0.2 
0.1 

c 0.1 
0.3 

< 0.1 
0.7 
0.1 
0.3 
0 
0 
0.7 
0 
0 
1.1 

d 

3.4 
C 

2 4  
3.1 
3.5 
3 2  
d 

2.8 
5.6 
d 

d 

0.5 
0.9 
2.0 
1.4 
0.2 
0.1 

e 0.1 
0.3 

< 0.1 
0.7 
0.1 

0.3 
0 
0 
0.8 
0 
0 
1.2 

3.4 
c 

2.4 
3.1 
3.5 

102 
6 .e  
2.8 

14.1 
d 

5.e 
0.5 
0.9 
4.1 
1.4 
0.2 
0.1 
0.9 
0.8 
1.3 
2.6 
0.7 
0.6 
1.1 

< 0.3 
0.8 

c 2.1 
c 21 

15 
ion exchange resins 1.7 1.7 2 1  

a Values l i  Uechose nos( .ppraPri.le for TRU Waste, above 10 Mrad doabed dose a fa ~ ~ r U h c r I h . n f a p l p t  
nutai.lt. 

b G(na gas) is the ne4 G value, and includes depletion of oxygen when qplicable. 
c Vduu LCC intermediate between those for polycthykne utd those for polypropykne. 
d Notrcpo&d. 
e c.lcul.Led on the basis ofG@as)=[f~or]x[G(g~)~ for polyetbylenc. f.clor-15 for cclluloac nitrate ~df.aor=1.4 for polyvinyl 

f d .  and G(gu)=4.1 fapolyclhylene. 
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Table D.12 G(gas) Values for Mianeotrs Commercial Plastics 

Material G Q F )  Material G O  
cellulose nitrate 6.2 melamine fdnnaldehyde wf 0.8 

cellulosic fillex 
polyvinyl formal 
polyethylene 

5.7 Selectmn 5038 polyestea 
4.1 natnral rubber w/ fillers 

0.8 
< 0.8 

allyl diglyool carbonate 2.6 natural rubber 0.4 
ethyl cellulose 2.1 Thiokol ST 0.4 
methyl methacrylate 2.1 Neoprene < 0.25 
cellulose propionate 2.1 casein plastic 0.2 
ccllulose acetate 1.6 Mylar @ film 
butyrate 
nylon 1.6 Plaskon alkyd 
phenolics (no fillers) < 1.2 aiallyl cyanurate 
tuea formaldehyde wl 1.2 aniline formaldehyde 
cellulostic filler 

0.2 

0.12 
0.12 
0.04 

silastic 1.2 furane resin (asbestos & carbon < 0.04 
fder) 

cellulose acetate 1.2 po~ystyrene < 0.04 
butyl rubber 1.2 styrene-butadiene copolymer < 0.04 
natural rubber c 1.2 
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Table D.13 Summary of Radiolysis Experiments on Cements at 298 K 

CUnentType Source Rndiolysis Products I comments Ref- 
high-alumina 
cement 

higb-alumina 
cement 

higb-alumina 
cement w/ N@- 
OK Na- 

Portland 
cwnent/gypsum- 
perlite plaster in 
ratio 1.7:l.O with 
water 
Portland cement 
/ gypsum-perlite 
plaster in ratio 

water 
concrete 

- 1.7:l.Owith 

cement-based 
grouts 

cement-based 
grouts 

cement-based 
grouts 

alpha 

alpha- 
(an-244) 

incinerator ash 

alpha- 
Simulated 
current acid 
waste 

alpha: 
simulated 
double-shell 
slurrywaste 
gamma: 
simulated 
sou ble-shell 

SWy-stW HZ pnsstae Was dose depen-t, 
@partiany CoCIsIIILltd a q u i l i b r i u m ~ i n  
descending order for: FeO3 cement > neat 
cement > Mno2 cement 

gas, no steady-state pressure up to 200 psi 
Go.vg=0-21 

low dose fates (0.09 Mrad/hr) @ was 

H2 and produced 02 W ~ S  2040% of total 

No additional pressurization as canpared to 
higb-alumina cement without the niaates At 

consumed, and at high dose rates (28 Mrad/hr) 
@ VAS generated No steady state ptessme was 
reached. 
G(H+0.03. hydrogen was the only gas 
produced Steady-state pres~rae was dose rate 
dependent, 9 in air was panially coosumed, 
and nitrogen was unaffected 

G(H+O.6, bydrogen generation was not dose 
rate dependent, oxygen was partially coasumcd, 
nitrogen was unaffected, no steady state 
pressure was obtained up to 200 psi. 

With 35% water (by mass) G(H+0.38, aftex 
drying at 200°C to obtain 7.4% watef 
G(Hz)=O.O002 Conclusion was that water of 
hydration is not nearly as easily degraded as 
free water. 
The simulated waste was acidic and contained 
metal sulfates and nitrates. Tbt cement was 

samples were dried at an elevated tempratwe, 
no radiolysis gases were evolved.) A portion of 
the gas evolved was hydrogen. 
The simulated waste was acidic and contained 
metal sulfates and nifmtes. Tbe cement was 
Iow-alumina cement. G(gas)=0.060.15. A 
portion of the gas evolved was hydrogen. 
The simulated waste was acidic and contained 
metal sulfates and ni&ates. The cement was 
low-alumina Cement G(gas)=O.O2. A portion of 

10w-d- ~ e m e ~ t  G(ga~)=032-0.43. (ARer 

. 

Blbla 1976; 
Bibles 1978 

Bibler 1978 

Bibler 1978 

Bible and 

1978 
-usn 

Bibler and 

1978 
-a 

Bibler and 
Orebaugh 
1978 

Dole and 

1986 

Dole and 
Friedman 
1986 

Dole and 
Friedman 
1986 

slurry waste the gas evolved was hydrogeh 
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APPENDIX E. FLAMMABILITY LIMITS 
Table E.l Lower and Upper Flammability Limits for Common Gases and Vapors 

Inorganic 
Hydrogen 4.1 75 
Ammonia 15 28 
Hydrazine 4.7 100 
Hydrogen sulfide 4.3 45 
Hydrogen cyanide 6 41 

6 32 
50 

Cyanogen 

carbon Monoxide 23.5 100 
' carbon DisuIfide ' 1.2 

Hydrocarbons 
Methane 5.0 14 
Ethane 

Butane 
Isobutane 
Pentane 
Isopentane 
2-2 Dimethylpropane 
H e m e  
Dimethyl butane 
2-Methyl pentane 
Heptane 
2-3 Dimethyl pentane 
Octane 
Iso-octane 
Methyl cyclohexane 
Ehtyl cyclohexane 
Nonane 
Tetramethyl pentane 
Diethyl pentane 
Decane 
Ethylene 
Prop1 yene 
Butylene 
B utene- 1 
Butene-2 
Isobutylene 

propane 

103 

3 .O 
22 
1.9 
1.8 
1.4 
1.4 
1.4 
1.2 
1.2 
I .2 
1.1 
1.1 
1 .o 
1.0 
1.2 
0.9 
0.8 
0.8 

0.8 
3.1 

2 4  
2.0 
I .6 
1.8 
1.8 

12.5 
9 5  
8 5  
8.4 
7.8 
7.6 
7.5 
7.5 
7.0 
7.0 
6.7 
6.7 

6.0 

6.6 

4.9 
5.7 
5.4 

- 

- 

- 

32 
10.3 
9.6 
9.3 
9.7 
8.8 



Thble El. Lower and Upper RammabWty Limits for Common Gases and Vapors, continued 

LimieinAsr(%) 
Gas or vapor LOW= Higher 

b-n-Amylene 
Butadiene 
Acetylene 
Benzene 
Toluene 
0-Xylene 
Ethyl benzene 
Styrene 
Butyl benzene 
Naphthalene 

Ethyl cyclobutane 
Ethyl cyclopentane 
Cvdohexane 

cyclopropaoe 

1.5 
20 
2 5  
1.4 
1.4 
- 
1.0 
- 
- 
- 
2.4 
1 2  
- 
- 

Methyl alcohol 6.7 
Ethyl alcohol 3.3 
n-Propyl alcohol 2.1 
Isopropyl alcohol 2.0 

Amyl alcohol 1.2 
n-Butyl alcohol 1 -4 

Furfmyl alcohol 1.8 
Allyl alcohol 25  
propyl- glycol 2.6 
Triethylene glycol 0.9 

Ethers 
Methyl ether 

Ethyl Ether 
Ethyl n-propyl ether 
Isopropyl ether 
Vinyl ether 
Ethylene Oxide 
Propylene oxide 
Dioxane 
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3.4 
1.7 
1 -9 
1.3 
1.7 
3.6 

2.1 
2.0 

8.7 
115 
81 
7.1 
6.7 
6.0 
- 
6.1 
5.8 
5.9 

10.4 
7.7 
6.7 
8 

36 
19 
135 
12 
11.2 

16.3 
18.0 
125 
9.2 

- 

18 
48 
24 
21 
28 
80 
21.5 
22 



Table E.1. Lower and Upper Flammability Limits for Common Gases and Vapors, continued 

Trioxane 3.6 29 
1.6 10.4 

Acetic Acid 5.4 - 
Acetic anhydride 27 10 

Phthalic anhydride 1.7 10 
Esters 

~ 

Methyl formate 5.0 20 
Ethyl formate 2.7 135 
Butyl formate 
Methyl acetate 

1.7 8 
3.1 16 

Ethyl acetate 2.2 9 
Vinyl acetate 2.6 13.4 
Propyl acetate 1.8 8 
Isopropyl acetate 1.8 8 
Butyl acetate 1.4 7.6 
Amyl acetate 
Methyl cellulose acetate 

1.1 
1.7 

- 
8.2 

Methyl propionate 2.4 13 
Ethyl propionate 1.8 11 

- Methyllactate 
Ethyl lactate 

2.2 
1.5 

Ethyl nitrate 4.0 - 
Ethyl nitrite 3.0 - 

Phenols 
Cresol 1.1 - 

Amines and Imines 
~~~ ~~~ 

Methylamine 
Dimethylamine 
Trimethylamine 
Ethylamine 
Diethylamine 

4.9 20.7 
2.8 14.4 
2.0 11.6 
3 5  14.0 
1.8 10.1 
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Table El. Lower and Upper Flammability LMts for Common Gases and Vaprs, continued 

L M b  in Ak (46) 
Gas or vapor LOW- HSgber 

Triethylamine 1.2 8.0 

propylamine 20 10.4 
n-Butyl amioe 1.7 9.8 
Allylamine 22 22 
Ethylene imine 3.6 46 
Methyl cellulose 25 19.8 
m y 1  dulw 1.8 . 14.0 
Butyl cellulose 1.1 10.6 
Diethyl peroxide 23 - 

Aldehya2s 
Acetaldehyde 4.1 55 
paraldehyde 1.3 - 
Butyraldehyde 2.5 - 
Acrolein 2.8 31 
croton aldehyde 2.1 15.5 
Furfural 2.1 - 
Acetone 2.5 11 
Methyl ethyl ketone 1.8 10 
Methyl propyl ketone 15 8 
Methyl butyl ketone 1.3 8 
Methyl isobutyl ketone 1.4 7.5 
Cyclohexanone 1.1 - 

Ketones 

Isophorone 0.8 3.8 

Acrylonitrile 3.0 17 
Pyridine 1.8 124 
Nicotine 0.7 4.0 

Other N Compounds 

HaIonen Derivatives 
Methyl chloride 
Methyl bromide 
Methylene chloride 

7.6 
135 
- 

17.4 
145 
- 
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Table El. Lower and Upper Flammability Limits for Common Gases and Vapors, continued 

Gas or vapor Lower Higher 

Ethyl chlaride 3.8 15.4 
Ethyl bromide 6.7 113. 
Ethylene dichloride 6.2 16 

DichIotoeth ylene 9.7 12.8 
Trichloroethylene - - 
Vinyl chloride 4.0 22 

Ethylene chlorohydrin 4.9 15.9 

Propyl chloride 2.6 11.1 

Allyl chloride 3.3 11.1 
Allyl bromide 4.4 7.3 

n-Butyl chloride 1.8 10.1 

Chlorobutene 2.2 9.3 
Isocrotyl chloride 4.2 19 
I s m t y l  bromide 6.4 12 

tert=Amyl chloride 1.5 7.4 

Propylene dichloride 3.4 14.5 

2-Chloropropene 45 16.0 

Butyl bromide 5.2 5.6 

n-Amyl chloride 1.6 8.6 

Chlorobenzene 1.3 7.1 
Dichlorobenzene 2.2 9 2  

Gasoline 1.4 7 -6 
Miscellaneous 

Naphtha 0.8 5 
5.3 32 

5 
coal gas 
Kerosine 0.8 
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APPENDIX E SAMPLE PROBLEMS 
m p l c  #I: calnrlation of hy&ogen gas eoncentrrdion in a sing& rigfd lecrklng embsure 
Problem: Consider a rigid Containet hddhg radioac€ix waste that is generating hydmgea gas at a rate af 
4 . 2 ~ 1 0 7  gmoVs. Hy&ogen gas escapes thecaatainet by diffusfmthrough a small opening inthewall of 
the container. It has been determined experimentan ythat tbe efkctix hydrogen releaseratethrough tbe 

is 298 K, and the pressure is assumed tobe 1 amtosphere. Calculate thehydrogen gas mole fraction as a 
function of tima How long does it take far tbe hydrogen mole fraction to reach 0.05 (5 mole percent 
hydrogen)? How long does it take to reach 19 volume percent hydrogea? 

Solution: For this problem, T d x l W  p V s  and RbpI.2xl0-7 gmoVs. Using the ideal gas law the initial 
numbet of gas males is: n=(l atml(lo00 nn3)/(8205 aCr11lqVgmo1-Q(298 IQ4.09~102 gmd. Using 
Equation 4.12 with these values far T, RM, and n, the mole fraction of hydrogen as a function of time, X(t), 
is: 

opening k 4x107 gmol H2/s-m1e f r a d i ~ ~ ~  The void volume in the cantainer is loo0 csd, the temper- 

X(t) = 1.05[1 -exp(-9.78xlO~t)]. 

This equation can be rearranged to give the time as a function ofthe hydrogen mole fraction: 

From this equation it is deterrmned * that the hydrogen mole fraction reaches 0.05 aftez 4988.8 seconds 
(-83.1 minutes), and the hydrogen mole fraction reaches 0.19 (19 volume percent) after 2.OQxIW seconds 

ExampIe #2: Single semi-open rigid container wf contents undergoing rrrdiolpsis 

Problem: Consider a serni-opesl rigid container with a void volume of lo00 cm3 that contains materiat 
which radiolytically generates gases. The G(net gas) value is.15 mo1ecules/100 eV, the G(flam gas) value 
is 0.7 molecuIes/1OOeV, and the decay heat absorbed by the material radiolytically generating gas is 2 W. 
Assume that the container initially has no flammable gas, that the temperatureis steady at 313 K, and that 
thepressurecnltsidethecontaineris 1.oatmospheleDeterrmne an equation descn’bing the hydrogen mole 
fiaction as a function of time What is the steady-state hydrogeu mole fraction? How long does it take far 
the hydrogen mole fraction in the Container to reach 0.05 (5 volume pacent hydrogen)? 

Solution: The molar rate of radiolytically generated gas is deterrmned ’ fiam Equation 4.6: 

(-5.67 hours). 

The volumetric rate of gas generation is then determined by applying the ideal gas law: 
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"he umcentration (or molar density) of flammable gas entering the container is deterrmned ' hmtheG- 
values for net gas and for flammable gas along with the ideal gas law 

5 moleflam Gas 
Cm' 

= 1.8l7x10' G(flam gas) 1 atm =( G(netgas) 1&)=(%1(sZMcm3 .atrn/gmol.K)(313) 

The equation describing the Concentraton of flammabIe gas (moles flammable gas per CUMC centimetezs )in 
the container as a fuoction of time is determined using Equation 4.14 

C, = (1.817x1O5gmoYcm3 

It is useful to calculate the mole fraction of flammabIe gas as a function of time. At a pressure of 1 am and 
a temperature of 313 K, onecubic caimete contains =[(1 amxl cm3y(82.05 atm-Cm3/gmol.K)(313)]= 
3.894~105 grnc11e.s gas. Therefore, the mole fraction of flammable gas as a function of time for this 
example is: 

Mole Fraction Flammable Gas = X(t) = (1.817~10--' l-ex(- t (7.99~10-~crn~/s) 
3.894~ lo-' 1000Cm3 

For long times the expopential tenn goes to zero and the steady-state flammable gas mole fraction is 0.467. 

The above equation can be rearranged to give the time as a function of the mole ftaction flammable gas: 

t = (-1Z156.4)1n(l- X(t)2.143). 

From this equation, the flammable gas reaches 5 mole % (mole fiataim of 0.05 or 5 volume percent) at a 
time of about 14.185~103 seconds (236.4 minutes). 

ExMIple #3: Check of solution to hy&ogen gas coneenfration in a rigid leaking enclosure nested 
within a rigid non-leaking enclosure 

Problem: Prove that the expressions for XI A d  X, in Equations 4.19 and 4.20 satisfy the coupled 
differential equations in 4.2.18a and 4.19b. 

Solution: From Equations 4.19 and 4.20, Xl(t) is given by: 

AS - AS exp[-t(A + B)] + BS t 
(A f B)* (A + B) '1 (t) = (A + B)2 

and X,(t) is given by: 
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-BS + BSexp[-t(A+B)]+ BSt 
(A + B)' (A+B) * Xz(t) = (A + B)Z 

Taking the derivative of XI: 

d 
-['I dt 

d [ 'AS - ASexp[-t(A+ B)] + 

(t)l = bt (A + B)2 (A + B)' 

or 
SB - AS exp[-t(A + B)] + SB 1= dx 

(A+B) - (A + B) 
AS (A + B)exp[-t(A + B)] + 

dt (A + B)' 

Substituting XI@), Xz(t), and the above expression for dXl/dt into Equation 4.18a yields: 

dx 
-=S-A(X, -X2) dt 

AS (1 -exp[-t(A + B)]) SB t + BS (1 - exp[-t(A + B)] SB t 
+- A+B (A+ B ) ~  --I A + B  

=S-A 

=- BS + AS exp[-t(A + B)] - - AS exp[-t(A + B)] + SB 
A + B  A + B  A+B 

Thaefore, with this check and the check that the initial condition on XI is satisfied (i.e, Xl(O)=O) by the 
solution, the solution fw X1 is proved valid. 

Now, check the solution for Xz by substituting it into the diff'ntid equation for dXz/dt 

The derivative of X2 is: 

of 

-= -BS(A+B)exp[-t(A+B)J +-= SB SB [l-exp[-t(A+B)]]] 
dt (A+B)' A+B A+B 

Substituting XI, Xt and the above expsion for dXddt into Equation 4.18b: 
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AS(1-exp[-t(A+B)]) SB t +BS(l-exp[-t(A+B)] SB t 
( A + B ) ~  A+B (A+B)’ --I A+B +- =B{ 

(A + B)( 1- exp[-t(A + B)]) BS(I - exp[-t(A + B)]} 
( A + B ) ~  A + B  

Therefore, with this check and the check that the initial condition on X2 is satisfied (Le., X2(0)=0) by the 
solution, the solution for X2 is proved valid 

Example #V: Hy&ogen gas concentralion in a rigid leaking enclosure nested within a rigid non- 
baking enclosure 

Problem: Consider a leaking container with contents that have a decay heat of 2.26 W (1.41~1019 eV/s) 
and an effective radiolytic G-value for hydrogen generation of 0.7 molecules HdlOOeV. ?he leak in the 
container has been determined to allow a flux of Tl=l.lxl@7 gmol Hz/s.rnole &action. The leaking 
container is nested within a nonleaking container. The void volume of the inner containex is 1.0 liter, and 
the void volume in the Outer container (excluding the inner container) is 20 liters. Assume that the 
temperature of the system is constant at 330 K and that the only radiolysis gas produced is hydrogen 
How long does it take for the inner container to reach 5 volume percent hydrogen if it is assumed that 
there is initially no hydrogen in dtha container. 

Solution: Given a decay heat of 1.41~1019 eV/s and a G-value of 0.7 molecules Hz/lOO eV, the hydrogen 
generation rate is 9.87~1016 molecules HZ/s or Rpl .64xlW gmol Hds, which is calculated using 
Equation 4.6. If it is assumed that the containers were filled at 1 atmosphere and 298 K, then the initial 
number of gas moles are: nl=4.09x1W gmol and n2=8.18~1@2 gmol, where nl is the original number of 
gas moles within the inner enclosure and n2 is the initial numbex of gas moles in the void volume within 
the outer enclosure. Therefore, S=RM/nl=4.01x106, A=Tl/nl=2.69x1W, and B=Tl/nF1.34x1W. Using 
these nurnedcal inputs and the equation for Xl(t) given by Equation 4.19, the time to reach X1d.05 is 
determined implicitly to be approximately 211.3 minutes or about 3.5 hours. For this problem, the time 
to reach a given hydrogen mole fraction can be determined in various ways, including (1) graphical 
techniques; (2) trial-anderror methods; or (3) iterative methods (Newton scheme). 

Exampk #5: Hydrogen concentration in two nested rigid leaking containers 

Problem: Consider a leaking container with contents that have a decay heat of 2.26 W (1.41~1019 eV/s) 
and an effective radiolytic G-value for hydrogen generation of 0.0131 molecules HdlOOeV that is nested 
within a second leaking container. The leak in the inner container has been d e m n e d  to allow a flux of 
T1=l.lxlD’ gmol Hz/s.mole fraction, and the outer container has been determined to alIow a hydrogen 
flux of Tpl.2xlO.7 gmol Hz/s.mole fraction. The void volume of the inner container is 1.5 liters, and the 
void volume in the outer container (excIuding the inner Container) is 2.5 liters. Assume that the 
temperature of the system is constant at 330 K and that the only radiolysis gas produced is hydrogen. 
How long does it take for the inner container to reach 4 volume petcent hydrogen if it is assumed that 
there is initially no hydrogen in either container? What is the hydrogen percent by volume in the outer 
container (excluding the inner container) when the inner container has 5 volume percent hydrogen? 
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Solution: The coupled difierential equations describing the hydrogen concen!ratjon in two nested nigid 
leaking enclosures are given by Equations 4.23a and 4.23b. The solutions for Equations 4.23a and 4.23b 
are given by Equation 4.24 and 4,250. With a decay heat of 1.41~1019 eV/s and a G-value for hydrogm 
generation of 0.0131 molecules H2/100 eV, the hydrogen generation rate is Rp3.0675~10-9 gmol Hds. 
If it is assumed that the containefs were filled at 1 atmosphere and 298 K, then the Mdal number of gas 
moles within the two enclosures anx nl=6.135xlW p o l  and nd.1022  gmol. nterefore, 
S=R&l=S.OxlW, A=T,/n1=1.79xlW, B=Tl/n~1.076~10.6, and C=TZ/npl. 174xlO.a. With these 
numerical inputs, '1Tr4.043x10-6, and W=2815xlOS. Then, using these inputs to Equation 4.24 for Xl(t) 
and Equation 4.25 for Xz(t), the hydrogen concentmion fm the two Containers as a function of time caa 
be determined. See Figure El for the graphical results. 
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Figure F.l Hydrogen concentration as a function of time 

From the numerical results used to generate the above plot, it is delermined than the inner container 
reaches 4 volume percent hydrogen (mole fraction hydrogen of 0.4) after about 23.8 days, and that at this 
time the outer container has about 1.7 volume percent hydrogen. 

ExcunpCe #6: Pressure in a single rigid non-leaking contuher with coILfenfs undergoing r&Qysis 

Problem: Consider a case where the container was sealed at a pressure Po=l atm and a temperature 
T p Z T  (298 K). The decay heat absorbed by the material undergoing radiolysis is ~ . 2 4 x l o Z O  eV/s, 
the container temperature is 90°C (363 K), the effective net gas radiolytic G values is G(net gas)4.3 
molecules/100eV, and the container void volume is 5 liters (SO00 c m 3 ) .  Calculate the container pressure 
as a function of time. How long does it take for the container to reach a pressure of 2 atmospheres? 

Solution: "he pressure as a function of time (from Equation 4.47) is: 
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or after simplification: 

P(t) ~ 1 . 2 2  am + ( 1 . 8 5 ~ 1 0 ~  - ”)I. 

From this equation, the pressure will reach 2 atm in 4.226xlol seconds or about 11.7 hours. 

ExumpIe #7: Pressure in a Single Rigid Leaking ContCriner wifh Codenfs Wnrtergoing Radiolysis 

Problem: Consider an example of a single leaking enclosure that has a single leakage hole with a length 
of 0.5 cm and a diameter of 3.2~10-3 cm. ?he container was initially sealed at 25T, but has a steady state 
temperamre of 80°C. Assume that (1) the effective radiolytic G value is 0.8 molecules/lOO eV; (2) the 
contents decay heat is 2 5  W and all decay heat is absorbed by the m d a l  capable of undergoing 
radiolysis; (3) the void volume of the container is lo00 cm3; (4) the effective viscosity of the gas is 0.021 
cP, and (5) the effective molecular weight of the gas within the container at any time can be 
approximated by 26 g/gmol. Assuming the downstream pfessure is one atmosphere, calculate the 
container pressure as a function of time and the maximum container pressure 
Solution: Fdt it is useful to determine if the contribution to the flow from molecular flow can be 
neglected Fonning the ratio Fa,,,: 

F, 654DP, (654)(3.2x10”)(Pu + 1) 
-= = 13.5(Pu + 1). 
Fm m / z =  

it is clear that for Pu LI a!m, then F-qJ27) or F, is about 3.7% of F, Therefore, the contribution to 
the total flow rate from molecular flow can reasonably be negleded. By neglecting molecular flow, the 
calculated container pressure is conservative and bounding. 

Neglecting molecular flow, the equation for the container pressure as a function of time (fbm Eqn. 4.61) 
is: 

Substituting Fp2.487~102, V=lOOO cm3, R=8205 cm3-atm/grnolK, Rp2.073~107 gmoYs, T~298 K, 
T=353 K, Pel atm,  PO=^ atm into the above equation and plotting the results gives the m e  in 
Figure F.2. 
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Figure F.2 Pressure as a function of time.fot example single leaking container 

The results shown in Figure F.2 indicate that the container reaches its maximum pressure after about 50 
hours and that the maximum pressure is a little less than 1.218 atm. An exact calculation of the steady 
state ptessure shows that Pe1.2177. 

Erample #8: Lower flammability limit fur naftrral gas 

Problem: What is the lower flammability limit of natural gas in air? 

Solution: Natural gas has an approximate composition of 80% methane (lower limit, 5.3%), 15% ethane 
(lower limit 3.22%), 4% propane (lower limit 2.37%), and 1% butane (lower limit 1.86%). Using 
Equation 4.65, the lower limit of the natural gas mixture is: 

Crit 

= 4.55%. 100 
Fu""=80.  1 5 .  4 . 1 - +-+-+- 

5.3 3.22 237 1.86 

Erample #9: Time to reach 5 vohune percent hydrogen in a package with radioactive ntafericLL nested 
within three confinement layers ond a non-haking rigici contahnent vessel 

Problem: Consider a mass of radioactive material that has a decay heat of 1x1018 eV/s and a G-value for 
radiolysis of 05 molecUles/lOO eV. The m a a l  is first placed in a metal ̂produd can" that allows a 
hydrogen flux of T1=8.0xl0=I gmol Hz/s'moleMon and, is then placed in two plastic bags that each 
allow a hydrogen flux of 5.OxlO7 p o l  Hz/s'rnole fraction. This %agged-out" material is then placed in a 
rigid non-leaking containment vessel. If the material is sealed in the COntainmeElt vessel at 298 K, the 
void volume within the product mu is 0.5 liters, the void volume benveen the outer bag and the 
containment vessel is 1.5 liters, and the temperature is coIzstant at 330 IL how long does it take for the 
hydrogen mole fraction within the product can to reach 0.05 (5 volume percent hydrogen)? Assume that 
the only gas produced is hydrogen. 

Solution: For a decay heat of lxlO*S eV/s and a G-value of 0.5 molecules HJlOO eV, the hydrogen 
generation rate is R p 8 . 3 ~ 1 0 9  moles H&. For the three confinement layers (metal can and two plastic 
bags), the effective hydrogen flux is 1~~1/8.0xlO1)+(Y5~10=1)+(1/5~10.7),  or T 6 1 . 9 ~ 1 0 7  gmol 
H2/s'mole fraction. Using this effective allowable flux through the three confinement layas, the problem 
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can be visualized as a radioactive mass within one confinement layer (repesenthg the three confinemeat 
layers) that is within a non-leaking rigid containment vessel. The solution to this case is given by 
Equation 4.19, which gives the hydrogen mole fraction as a function of time for the inaer-most 
confinement layer. The number of gas moles originally within the confinement volumes is calculated 
with the ideal gas equation as nl=205x102 po l ,  and the numbex of gas moles between the confinement 
lay& and the containment vessel is np1.16~102 p o l .  Using these values. S=(RhJn&=8,lxlW, 
A=(T&n+9.3xlOa, and B-4?'&1+3.lxlW.Then, the hydrogen mole fraction as a function of time is 
as shown in Figure F.3. 
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Figure F3 Hydrogen mole fraction as a function of time 

From the plot, the hydrogen mole fraction in the innermost confinement layer reaches 0.05 in about 
2 . 6 ~ 1 6  seconds or about 72.2 hours. 
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1.0 EXECUTIVE SUMMARY 

A final report documenting Russian experience in ambient temperature cement-based waste 
forms, in-tank waste treatment and groutkoncrete decommissioning is provided in 
Attachment 1. The report is titled ‘The Review of the Russian Experience on Inorganic 
Binders for Waste Treatment and Tank Closure,” and contains technical information 
concerning: 
0 

0 

0 

0 

0 

0 

An assessment of the properties of hardened cement materials that affect the performance 
of hazardous and radioactive waste forms. 
A list of additives used to modify the properties of cement-based waste forms. 
The effect of elevated temperature on hydrated portland cement as a function of time and 
temperatures up to 380°C. 
The effect of radiation exposure on hydrated cement materials as a function of radiation 
dose up to 6EM9 Rad. Radiolytic gas generation data is also presented and discussed. 
The results of an experimental investigation on the properties of special grout 
formulations developed as closure grouts. 
Descriptions of full-scale grouting for decommissioning vessels contaminated with 
radioactivity. 
0 

0 

Inner tank space of the fuel storage unit on Lepse (service tankerhessel for nuclear 
submarines). (Monolith for strength and contaminant immobilization). 
In-place decommissioning of two nuclear submarine reactor compartments and 
associated equipment at the Russian Navy Training Center in Paldisk, Estonia. 
(Radiation shielding and contaminant immobilization) 

0 Description of in-tank waste solidification for a chemical tank using magnesium 
phosphate cement. 

The Russian experience in aqueous waste stabilizatiodsolidification appears to be limited. 
The examples discussed in the report are related to work conducted in the recent past or 
intended for future programs. To date, the Russians have not closed any high-level waste 
tanks. However, decontamination and repair of a large steel waste tank was discussed. The 
tank was returned to service after the repairs. In informal discussions, V. A. Starchenko 
stated that the Russians intend to empty and clean their high-level waste tanks and to then use 
them as “vaults” for storage of radioactive debris and/or packaged waste/waste forms rather 
than to fill the tanks with clean grout. Currently the Russians are planning for long-term 
storage of the low-level waste and for geologic disposal of high-level waste. 

The Russian experience in decommissioning large tankslvessels is also limited to three 
examples. One example involved pumping grout into the inner tank space in a Fuel Storage 
Unit on a tanker that serviced nuclear submarines. The concrete was a relatively high- 
strength concrete which was batched at a central plant and delivered to the docked tanker by 
truck. The concrete was pumped into the inter tank space. Approximately 6 hours was 
required to fill the 110 cubic meter void space. 

The second example involved decommissioning two nuclear submarine reactor 
compartments at the Russia Navy training center in Paldisk, Estonia. Two concrete mixes 
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were used for “conservation” of these units. A highly fluid, pumpable concrete mix was 
designed for filling the compartments. This concrete also contained Shungizit porous 
aggregate which was intended to dissipate radiolytic gases formed in the high radiation fields 
associated with the inside of the reactor compartments. A concrete sarcophagi was also 
constructed over the reactor compartments as part of the “conservation” effort. This mix 
contained less cement and no porous aggregate since the radiation field was much lower. 

Finally, magnesium phosphate cement was used to solidify the radioactive ferrocyanide 
sludge in a defective tank. The tank had a volume of 3200 cubic meters and it contained 70 
cubic meters of sludge with a liquid to solid ratio of 2 to 1. The tank had no mixing 
capabilities so the magnesium oxide and phosphoric acid were simply added on top of the 
sludge. As a consequence, crust formed on top of the sludge after the first addition and 
precluded subsequent additions of the magnesium oxide. However, the solidification of the 
sludge was sufficient to stop the tank from leaking. Magnesium phosphate cement was 
selected for this application because of the strong stabilizatiodfixation properties of the 
resulting salts (barium, tin, zirconium and thorium phosphates are very insoluble). 

The Russian regulatory requirements (in Russian) are provided in Attachment 2. These 
regulations have been in effect since January 1,2001. In general the Russian requirements 
for cement-based waste forms are similar to the US Nuclear Regulatory Commission 
requirements. An abridged English summary is provided in Attachment 3, in the form of 
slides from a presentation on “Collecting, Reprocessing, Storage and Conditioning 
(Treatment) of Liquid Radioactive Waste” by V. A. Starchenko. 

The Russian waste form requirements include limits on radionuclides, leaching rates, referre 
to as water resistance, compressive strength, radiation stability, resistance to thermal cycling 
and a durability requirement based on the strength of a sample immersed in water for 90 
days. In addition to prohibiting waste with fire or explosive characteristics, wastes that can 
react with the compounds in the cement to form toxic substances such as ammonium slats ar 
also prohibited. Complete dehydration of high-salt aqueous low-level waste solutions is 
prohibited per the Russian regulations in order to prevent possible exothermic interaction of 
the compounds in the dry residue. This sensitivity to management of dry salt waste is 
applicable to treatment, storage and disposal of calcined waste at DOE facilities. 

Strength is used as a measure of durability and performance. Additives used to improve 
leaching include sodium silicate to reduce overall permeability, zeolites to improve cesium 
leaching and organic polymers (polymer cements including latex-modified cements) to 
reduce porsoity/permeability and thereby improve tritium leaching. Pozzolans were 
discussed for improving matrix properties and alkaline additives were discussed as set 
regulators specifically for borate wastes. 

An interesting concept employed by the Russian grout formulators is to include a porous 
aggregate, “Shungizit,” as a ingredient in waste forms and/or decommissioning grouts 
exposed to high radiation doses. The purpose of the porous aggregate is to provide for gas 
permeability through the aggregate. In addition, the matrix portion of these groutslwaste 
forms is designed to have low permeability to water. This is achieved by a low water to 
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cement ratio in the mix. This type of mix provides a means of venting the waste form so that 
radiolytic gases do not accumulate while at the same time minimizing the contact between 
the contaminants and leachate. 

The final report on Russian Grouting experience provided an opportunity for international 
cooperation and access to Russian groutinglwaste form experience. The data on radiolytic 
gas generation form grout mixtures was already used in evaluation of the source of hydrogen 
and methane generation detected in the sampling ports around the SRS high-level waste 
tanks in 2002. The concept of venting the radiolytic gases from a waste form by adding 
porous aggregate is being considered for future cement-based TRU waste forms at SRS. 

2.0 BACKGROUND 

2.1 OBJECTIVE 

The objectives of this work were to document the Russian experience on grouting for waste 
forms and tank closures or other decommissioning applications. This task was designated as 
Task H-4 in TFA Work Element 923, SRS TTP SR16WT51 Subtask H. The milestone 
designation is 923- 1.5- 1. 

The approach for obtaining the Russian experience in ambient temperature waste treatment 
and in decommissioning tanks and other vessels was to issue a subcontract to the American 
Russian Environmental Services, Inc. (ARES) for preparation of a report on the Russian 
experience. ARES contracted the report to Daymos, Ltd. V. A. Starchenko from Daymos 
was the project manager. N. I. Alexandrov and V. P. Popik were the principal investigators. 
The final report from DaymodARES is attached. 

3.0 ACKNOWLEDGEMENTS 
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the Scope of Work for the Tank Focus Area, Enhanced Grout Program. 
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4.0 ATTACHMENT A 

Review of the Russian Experience on Inorganic Binders for 
Waste Treatment and Tank Closure - Final Report 
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Summary. 

Keywords: radioactive wastes, tanks for waste storage, radiation - 
dangerous objects, cementation of radioactive wastes, portland cement 

mixtures, radiation stability, radiolysis, radiolytical gases release, durability of 

the cement compositions, leaching of radionuclides, large scale experience. 

In this report it is given the review of results of researches carried out 

in Radium Institute and in number of other Russian enterprises directed on 

elaboration of high-performance concrete - conserving agents designed for 

solidification of liquid radioactive wastes and for transfer into ecological - 
safe state of HAW storage tanks and decommissioned radiation - hazardous 

objects of nuclear power engineering. The existing Russian practical 

experience in the indicated area is also briefly described. 
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INTRODUCTION. 

The present review is prepared in accordance with subcontract No 

8D6266-EE/2001-01 concluded with corporation " American Russian 

Environmental Services, Inc." The subcontract goal is to prepare a technical 

report on Russian experience with the use of inorganic binders for treatment 

of radioactive waste and for closing of waste tanks. For reflection of the 

Russian experience on use of cement grouts for waste treatment and tanks 

closure the following major subjects were determined, which should be 

reflected in the report: 
- research of influencing of portland cement grouts composition on the 

mechanical strength and radiation stability of the solidified cement 

mixtures; 

- studies of influencing of cement grouts composition on an yield of 

radiolytic hydrogen at high radiation doses of compositions; 

- estimation of capability to improve cement grouts at their contact with 

groundwater due to introducing in them of the special additives; 

estimation of capability to decrease radionuclides leaching from cement 

grouts due to addition of the components, which can decrease migration 

rate of impurities in cement matrixes; 

- practical experience on application of grouting methods for 

decommissioning of objects of nuclear power engineering and Navy 
nuclear radiation hazardous facilities; 

- 

- key technical problems regarding of improvement of cement grouts 

properties that might be resolved through an analytical and experimental 

research program during the potential next stage of the project; 
- filled in survey of enhanced grout needs for tank closure provided by the 

SRTS customer. - 

The compositions on the basis of ordinary portland cement (OPC) and 

some other inorganic binders (blast furnaces slag (BPS) and pulverized fuel 

ash (PFA) are broad applying for solidification of low active liquid radioactive 

waste (1). In Russia and in USA cement grouts are applied also to 

conservation of radwaste tanks and other radiation - dangerous objects. The 

important direction of cement grouts usage is their application as 
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construction materials and biological protection in containers and dry storages 

designed for long-term storage of burned up nuclear fuels. 

For effective utilization in the mentioned above directions cement 

grouts should have a series of particular properties: 
- high radiation stability that is especially important at usage of cement 

mixtures for decommissioning of objects with high level of irradiation (reactor 

compartments of nuclear powered vessels, burned up nuclear fuel storage); 

- the structure of the cured grout should provide release of radiolytic gases 

without disturbance of monolith integrity; 
- the structure of the cured grout should have low water permeability to 

ensure low leaching rate of radionuclides from the object in environment 

for all time of its long-term storage. 

The special cement mixtures suitable for solidification of the liquid radwaste 

should have a following complex of properties: 

- high radiation stability, that will allow to solidify radwastes with enough high 

level of activity; 

- the structure of the cured cement mixture should have low water 

permeability to reduce to minimum release of the radionuclides from 

solidified radwastes in environment for all time of their long-term 

storage; 

the cured cement compositions should have high frost resistance; 

the cured cement mixtures should have low speed of leaching of the basic 

components of cement to provide high stability of the cured cement grout 

- 
- 

at contact with groundwater; 
the composition of cement grouts used for radwaste solidification should - 
provide enough high mechanical strength at the high contents of soluble 

salts in cemented waste. 
The primary goal which was put at realization of researches of cement 

mixtures with reference to treatment of liquid radwaste and decommissioning 

of radiation - hazardous objects including waste tanks was concluded in 

elaboration of cement mixture compositions which in the most degree satisfy 

to the presented above lequirements. 

Previously the literature on structure and properties of cured cement 

mixtures was studied with the purpose of selection of rational paths for 

Q 
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looking up of cement mixtures composition possessing a given complex of 

properties. 
The main features of structure and properties of hardening cement 

mixtures with reference to problems of radwaste treatment and 

radiationhazardous objects decommissioning. 

The term "cement" usually implies portland cement or materials 

containing portland cement. The cement produces by high temperature 

calcination with a partial melting of materials having high content of calcium 

oxide. The obtained product (clinker) is crushed up to rather high specific 

surface (approximately 4000 cm2/g) to activate cement The cement 

hardening begins when_ this powder is mixed with water. At preparation of 

hardening cement mixtures the water-cement weight ratio is usually selected 

within the limits of 0.25-0.6; the mixtures with smaller watercement ratio 

become rigid and lose plasticity whereas at the greater ratio mixtures can be 
stratified and liberate water. The prepared mixtures must be used within 1-2 

hours then their setting starts. The development of strength becomes 

noticeable only in 1-2 days. Then the strength fast accrues. 
In general all processes of cementation have a" window" $2 hours, 

during which the prepared mixture should be used. In further it is necessary 

to allow to cement to hydrate chemically without mechanical effects. The 

decelerators and boosters of cement setting are known, but their long-time 

influencing on properties of cement especially in conditions of irradiation is 

not enough well established and their applying for cemetnation of radiation - 
dangerous objects can not be recommended and therefore it is necessary to 

work with cement mixtures in the mentioned above period (I). 

Internal structure of cured cement mixtures. 

In structure of the cured cement it is possible to mark three 

characteristic features: a matrix of solid phases, both crystaline and 

amorphous, system of pores of the different size and form and aqueous 

phase located in pores. The model of a microstructure of cured cement is 

shown) on fig. 1. 
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FOILS. LTC - CALCIUH SttlCATt 
HYORATfS 

Fig. 1. Model of a microstructure of cured cement. 

The gel of calcium hydrosilicate (C-S-H) is the most important 

component of solid phase of cured cement mixture as it contains main part of 

micropores. C-S-H phase is almost amorphous. As it can be seen from fig. 1, 

the phase of GS-H gel consists from elements, the centers of wtich are 

grains of cement surrounded with products of its hydratation. Each element 

has flaky structure; the random packaging of these units creates a grid of 

micropores. It is not surprised that the most part of sorbtion potential of the 

cured cement is determined with micropores of CS-H gel. The conducted 
researches show, that normally prepared samples of concrete, as a rule, do 
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Material. Effectfrom the comwnent. 

Fly ash from coal combustion. Decrease permeability, increase 
mixture fluidity, lower initial heat 

evolution. 

not contain pores with size > 1 micron and the main part of pores has the size 

< 0.1 microns. These pores determine the diffusion characteristics of cement 

mixtures in relation to radioactive ions therefore measured for them diffusion 

constants are not property of cement matrix, but concern to system pores - 
matrix. It is necessary to mark that in cured cement mixtures there are also 

other kinds of pores. In space between hydrated and not hydrated fragments 

of cement so-called capillary pores are formed. These pores have large 

sizes than pores of C S-H gel. Common and capillary porosity is reduced with 

growth of degree of cement hydration, gel porosity increases a little because 

the volume of C-S-H gel (2) is augmented. 

C S H  gel acts as a main factor controlling q H  of cement mixtures at the 

greater cure period. The CQrlSi ratio in CS-H gel varies within the limits 1.8- 
0.9. At Ca/Si ratio 1.8. where C S 4  gel coexists with C*(OH)2, the 
equilibrium PH value practically equal to pH of saturated solution of calcium 

hydroxide. At decreasing of this ratio concentration of calcium in aqueous 
phase and pH are descended. The same decrease will be obtained as a result 

of leaching, as the cement will lose the most soluble calcium compounds. 
The pH of aqueous phase in pores of concrete has high importance for it 
properties as material for conservation of radiatiobhazardous objects, since 

the high pH value promotes a decrease of solubility of a number of 
radionuclides, in particular, of most dangerous long-lived +emitters (3) and 

favours to decrease of corrosion of carbon steel. 

Usage of the additions for modification of properties of 

cement mixtures. 

Addition of different components for modification of properties of 

cement mixtures is widely used in practice. In the table I some materials 
frequently added in cement are presented and the effects which are obtained 
with addition of such component are shown too ( I ) .  

Table 1. 
Materials adding in cement mixtures for improvement of their properties. 
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Decrease permeability, lover 
internal Eh and initial heat evolution 

and increase mixture fluidity. 
Increase of sorption. 

Decrease permeability, increase 
sorption. 

Reduce water content and . .  

Ca(OHh, NaOH 
permeability. 

Condition borate waste and ensure 

Sodium silicate . 

Miscellaneous getters: chemical and 
structural. 

Organic polymers. 

It is possible to divide materials adding in cement into three groups. 
One group including natural puuolane materials, ash, microsilica and slag 

can be called puuolanic because these materials are activited with cement, 
react with water and cement and become the integrated part of cement 
matrix. The size of particles of these materials are usually less a little than 

size of cement particles, so the formed matrix have a little more dense 
packing of fragments than cement matrix and provides smaller permeability. 

The siliceous fly ashes and slags have a high content of glass, which 
concerns to main puuolanic components (4, 5). In the short term materials 
of this group are enough inert a d  more active part of mixture (cement or 

c&(OH)z) determine properties of mixtures in this period. 

set. 
Precipitate heavy metals, decrease 

permeabilitv. 
Reduce solubility of specific 

radwaste species e.g. Ag + for iodine 
conditioning. 

Decrease permeability, getter for 

P 

-* . -. 

, 
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Other materials in the table I are mainly modifying agents for matrix. 
The cement is usually mixed with quantity of water which is sufficient to 
receive fluidity of mixture appropriate to the application. But such ftuidity 

usually receives at excess of water over that is required for a chemical 
hydration, it leads to porous and permeable matrix. Critical water-cement 
ratio indispensable for full hydration of portland cement is equal 

approximately 0.24, but such mixture is too hard for practical usage. The 
demanded fluidity can be reached at low water content by adding of 

superplasicizers, which are the highmolecular polar organic compounds (for 
example sulphonated melamin, naphthalene formaldegyde polymers or 
lignosulfonates(6). As usual 0.2-2 % of plasticizer, depending on it type, is 

diluted in mixing water. It enables to receive normal fluidity of mixtures at low 
water content that give possibility to obtain less permeable product. The final 
destiny of plasticizers in cement is not completely known. Probably initially 

they are fast sorbed on the products of cement hydration with the subsequent 
desorption and partial irreversible precipitation. 

Calcium and sodium hydroxides are used for acid wastes 

neutralization and to condition borates which have negative influence on 
cement setting and even can make it impossible; addition of hydroxides 

reduces borates influencing. 
The applying of sodium silicate is described in the literature (7), but it 

is not used widely in practice. This compound is soluble in water and 
precipitates a wide range of metallic ions from solution usually in the 
amorphous form, however nature of precipitations in cured cement matrixes is 
poorly known. 

Particular getters it is offered to use to reduce leaching components of 
the radwastes badly sorbed by cement, for example of cesium and iodine (8). 

For an iodine it is offered to use addition of silver or barium (9, 10). As getter 
for cesium it is possible to use zeolites (11). However capacity of such 
components is limited because of chemical reaction between cement and 

zeolites. Besides the zeolite capacity is decreased because of competition of 
K' and Na' ions presented in cement (12). The final result of it 6 the 

necessity to add in cement of high quantity of zeolite to lower Cs' leaching. It 
results in a number of disadvanages: the mixture has high consumption of 
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water and low compression strength. Thus the getters application is rather 

specific and demands special consideration in each particular case. 
The organic polymers also can be used for modification of cement 

matrixes. In general it is necessary to concern with caution impregnation of 
cement matrixes with organic polymers as the diffusion coefficients in 
polymers are rather high and lonpterm stability of polymers to irradiation and 

degradation under an environmental stress is either unsatisfactory or 
unknown. The possible advantage of polymeric cement matrixes can be 

improvement of immobilization of tritium (1 3) . 
Effect of elevated temperature and radiation. 

As it was noticed above, major component determining long-term 
properties of cured cement mixtures is C-S-H gel, which at ordinary 
temperatures is metastable, but exists long, natural samples of such phase 

with age 20'105 years (I) are known. At temperature 17(1180 OC this phase 
crystallize in autoclave during 16-24 hours. In result of gel crystallization QH 
of pore liquid is decreased on 1-2 units in comparison with C-S-H gel having 

equivalent composition, besides a considerable change of this phase volume 
can take place in result of crystallization. In the literature practically there are 

no data on rate of crystallization of GS-H gel at temperature below 100 OC, 
but it is possible to suppose that the considerable temperature rise inside of 
curing cement mixture is extremely undesirable because of hazard of CS-H 
gel crystallization. 

The information, available in the literature, demonstrates that even the 
high doses of absorbed d- radiation have not negative influence on the 

properties of dry cement (14). The effect of irradiation on cured cement 
mixture is appeared basically through radiolysis of water presented in it. 

Main result of water radiolysis is release of gases and, first of all, of 

hydrogen. irradiation of cement mixture can also modify structure of it and 
increases degree of it crystallinity (1 5) 

radiolysis of water in cement mixtures 

depends on their composition, in particular, from compos ition of binders, 
which was used at their preparation. So it was noticed that trend of hydrogen 

yield for mixtures in which as binders were used ordinary portland cement 
(OPC) and its mixture with blast furnace slag (BPS/OPC) and fly ash 
(PFNOPC) is: :BPS/OPC > o f t >  PFNO~C. 

The yield of hydrogen at 
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This in part may be attributed to differences of cornposition of aqueous 
solutions in pores (I 6). 

Presented above literature information on structure and properties of 

cured cement mixtures allows to dedicate following main directions in 
elaboration of optimal composition of cement mixtures designed for radwastes 
treating and conservation of radiation-hazardous objects: 

- usage of superplasticizers with the purpose to decrease quantity of water 
which is necessary for obtaining cement mixtures with demanded fluidity and 

low permeability; 
- looking up of the addition components and filling materials ensuring to cured 
mixtures a gas permeability enough for deleting of radiolytical gases at 

preservation of their high water tightness; 
- looking up of mixtures composition with a low yield of radiolytical hydrogen; 
- research of possibility of using of the components sorbing radionuclides 

for decrease their leaching from cement mixtures. 
In this report the results of experimental researches carried out in these 

directions are presented. 

% vol. % vol. 
Cement 66.0 s-3 0.7 0.24 

2. EXPERIMENTAL ENVESTIGATION OF PROPERT IES OF 

SPECIAL CEMENT MIXTURES. 

The main results of the carried out researches are reviewed below. In 
the given section of the report the techniques of experimental researches are 

briefly shown also. It is necessary to mark that during preliminary researches 
22 cement mixtures of different composition were tested. The mixtures 

possessing the most favourable combination of properties were selected for 
further researches. The compositions of these mixtures are shown in the table 
2. 

Table 2. 
Composition of investigated cement mixtures. 

I Shungizit 133.7 I SDO 10.05 I I 
1 fiIIinR I I I I I 
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40.0 s-3 
20.0 SDO 

40.0 
40.0 s-3 
20.0 SDO 

40.0 
40.0 

0.7 
0.05 

0.7 
0.05 

2. 

3. 

9. 

21. s 

material 

Cement 
Shungizit 
filling 
material 
Shungizit 
sand 
Cement 
Shungizit 
filling 
material 
Mordernite 
sand 
Cement 
Quartz 
sand 
Cement 
Shungizit 
sand 
Clinoptilo- 
lite 
Sand 
Microsilica 

60.0 

38.0 s-3 0.9 
37.0 

5.0 

7.0 7.0 I 
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2.1. Experimental techniques. 

2.1 .l. Irradiation of cement mixtures. 

2.1 .1.1 The characteristics of the gamma irradiation installation. 

Irradiation of investigated cement mixtures was carried out on gamma 
- irradialon installation of V. G. Khlopin Radium Institute, which had following 

basic parameters: 

- Source of a gamma-radiation - Co - 60; 
- Sizes of irradiation chamber: 

height - 200 mm; 
diameter -1 20 mm; 

- Calculated dose rate of gamma-radiation - 150 rad / sek. 

The real dose rate in the irradiation chamber was measured with usage 

of chemical dosimetry method based on radiation oxidation of divalent iron 

ions in sulphate media saturated oxygen of air, so-called Frank’s dosimeter 

(17) * 
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2.1.1.2. Technique of cement mixtures irradiation. 

Samples of cement mixtures were placed in glass cylindrical vessels with 

inner diameter and height 21-22 mm and wall thickness I mm or in glass 

ampoules with diameter 15 mm and length 90 mm with the same wall 

thickness. Vessels with samples of mixtures destined for research of 

composition and quantity of radiolytic gases were placed in titanium hermetic 

capsule with wall thickness 0.5 mm. 

2.1.1.3. Tests of mechanical properties of cured cement mixtures. 
The determination of compressive strength were carried out according 

to GOST 10180-90. The hydraulic press PD-10 (GOST 8905-73) was applied 
to tests. The inaccuracy of measurements of load did not exceed 2 % rel. 
Compressive strength (Rcom) of samples was calculated according to: 

Rcom = F/A 

Where: F - destructive load; 
A - cross section area of sample. 

composition were done simultaneously. 
The mechanical tests irradiated and not irradiated samples of the same 

2.1.1.4. Test of cement mixtures air permeability. 

The device AGAMA-2R was used for evaluation of cement mixtures 
air permeability. This device gave possibility to measure time which was 

necessary to definite volume of air pass through testing sample into 
evacuated chamber. As all tested samples had the identical geometrical sizes 

for comparison of their air permeability the value of rate of air accumulation in 
vacuum chamber was used. 

2.1.1.5. Test of waterproof of cement mixtures. 

Testing of waterproof of cured cement mixture samples was done in 
according to GOST 12730.5-84 on which the measure of waterproof is the 
water pressure (W) at which on a surface of test cylindrical sample there is 

no yet wet spot. The increase of water pressure was made by steps 0.2 NPa 
during 1-5 min After each step the stop during 16 hours was made. 

2.1.1.6. Research of cement mixtures structure changes at 
irradiation. 
For research of influencing of irradiation on structure of cement 

mixtures the methods X-ray phase analysis and differential thermal analysis 
were used. 

X-ray phase analysis. 

I 
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For identification of crystalline phases in investigated samples the 
powder method permitting to receive the information on chemical composition 
and structure was used . For obtaining diffraction pictures the X-ray 

diffractometer DRON-1,5 was used with copper anode X-ray tube at anode V 
= 30 kV and I = 25 ma&. CUK a - radiation was filtered through Ni -foil. 

The identification of crystalline phases was made by comparison of data 

obtained from diffractograms, with data presented in catalogue 1 CPD5 issued 
by Integrated Committee of the Powder Diffraction Standards (USA). 

Differential thermal analysis of cement mixtures. 

The differential thermal analysis (m) of cured cement mixtures was 

During DTA it was fixed weight changes of grinded specimen of 

carried out with help of derivatograph Q 1500 D of the Hungarian production. 

investigated mixtures at controlling heating from 20 to 1 OOO°C. 

2.1.1.7. Research of quantity and composition of gases which are 
evolving at irradiation of cement mixtures. 

The chemical analysis of gas phase accumulating in capsules and 
ampoules during irradiation of cement mixtures was made with gas 
chromatographic method. The gas chromatograph "Tsvet-100" was used for 

gas analysis. The conditions of chromatography and system of detecting 
were selected recognizing that the main anticipated components of gas 

phase evolving at cement mixtures irradiarion are: 0% ~ 2 ,  C H ~  c02. The 
accuracy of definition of the contents of these components in samples of gas 

was 5-10 %. 

2.1.1.8. Research of leaching of radionuclides from cured cement 
mixtures. 

Raduonuclides (Pu-239, Am -241, Cs -1 37, Sr-90) were added in water 

used for cement mixtures preparation as nitrates. Before beginning of 

leaching experiments all specimens of cement mixtures were cured during 28 

days. 

The technique of experiments on definition of speed of leaching of 

radionuclides from hardening compositions on the basis of cement 

corresponded to the guidelines of IAEA (18) and GOST 2914-91 (19). The 

distilled water was used as leaching liquid. 
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No of Time of Dose of Compre- Air perme- 
concrete curing, Gamma ssive ability, 

compo- days -radia- strength, Cm3/sec. 
sition tion, MPa. 

M rad. 
1 28 266 43.5 0.037 

90 855 41.6 
180 1710 56.0 
270 2565 45.9 
690 6000 40.2 

I C  28 27.5 0.022 
90 25.0 
180 20.1 
270 29.7 

The concentration of radionuclides in samples of leaching water was 
determined radiometrically on a-radiation for Pu-239 and Am-241, on 

&radiation for Sr-90 and on +adiation for Cs-137. The accuracy of activity 

measurement of samples was 5-10 % rel. 

Water- 
proof 

W, tm. 

12 

12 
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2 28 266 25.4 0.263 

90 855 25.0 
180 1710 28.0 

270 2565 26.7 

690 6000 33.9 

10 

2c 28 16.0 0.04 2 

90 16.8 

I I I 1 t I 

I 180 21.1 I 1 1 

3 

As it is visible from the data of table 2.2.1., irradiation of compositions 

180 14.7 

270 17.4 

28 266 20.5 0.1 1 2 
90 855 21 .o 

1-3 at their curing during 28690 day (the absorbed dose 2666000 Rad)  

results in increase of compressive strength in comparison with control 

samples of cement grouts curing in normal conditions (1c3c). For 

composition N 21 some decrease of strength marked at curing period 28-180 

days under effect of gamma-radiation, however at the greater curing period 

strength of sample hardening in normal conditions and under irradiation are 

equalized. The obtained results allow to draw a conclusion that the gamma- 
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irradiation of investigated compositions on the basis of portland cement with 

dose up to 3000 - 6000 sv \Rd  will not render negative effect on mechanical 

strength of the cured compositions. 

Evolution of radiolytical gases at gamma -irradiation of 

cement mixtures. 

For definition of conditions ensuring safe long-term storage of 

decommissioned radiation - hazardous objects, the knowledge of composition 
and quantity of gases evolved at irradiation of cement mixtures used at their 
closure is necessary. 

With this purpose two series of experiments were conducted, the goal 
of the first of which was estimation of composition of gases released at 
gammairradiation of cement mixtures, and the goal of the second series was 

determination of quantity of hydrogen evolved at irradiation of mixtures of 
different compositions. 

The results of analysis of gas phase in titanium capsules are shown in 

the table 2.2.2. 
The table 2.2.2. 

Composition of gas phase in capsules at different radiation time. 

Time, Dose of No of Composition of gas phase in 
days. Gamma- concrete capsule, % vol. 

radiation, compo Hi! c02 I cH4 

The results of the analysis of gas phase composition in capsules have 

shown that at irradiation of cement mixtures that evolution of hydrogen and 
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small amounts of methane take place. Evolution of hydrogen is connected 

with radiolysis of water containing in cement mixtures. Methane evolution is 

the result of radiolysis of organic components (superplasticizer S3 and 

component SDO), added in mixtures during their preparation. Literature data 

show that methane is one of the main products of radiolysis of complex 

organic compounds (20). Apparently that at estimation of safety of long-term 

storage of radiation - hazardous objects filled with cement mixtures, it is 

possible to consider only hydrogen release, since quantity of other fire hazard 

gas - methane is insignificant. 

For more reliable determination of hydrogen quantity released at 
gammairradiation of cement mixtures, the experiments on their irradiation in 

soldered glass ampoules were done that eliminated a capability of leakage of 
gases during irradiation. The obtained results are shown in table 2.2.3. 

The table 2.2.3. 
Evolution of radiolytic hydrogen at irradiation cement mixtures in glass 
ampoules. 

As it is visible from the data of the table 2.2.3. the rate of hydrogen 

evolution does not exceed 0.1 1 I / m3 of mixture per hour at dose rate 110 rad 
/ sek. Apparently that the evolution of radiolytiical hydrogen is necessary to 

take into account as the dangerous factor only at conservation with the help 

of cement mixtures of objects with high radiation level. 
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Research of influencing of addition of boron carbide on release 
of radiolytical hydrogen from cement mixture at irradiation. 

At concreting of the objects containing fissile materials for maintenance 

of nuclear safety it can be necessary to add in cement mixtures used for their 
conservation matters - neutron poisons. One of the most known matters of 
such type is the carbide of boron - Sic. In this connection the experiments on 

influencing of addition of Sic in mixture No 2 on radiolytical hydrogen 
release were made. With this purpose the irradiation of mixture No 2 with 

addition of Sic in soldered ampoules was made. The powder of SIC in 
quantity 50 g/kg of cement mixture was added in dry mixture of components 
of composition No 2 before mixing with water. 

The results of determination of quantity of radiolytical hydrogen 
evoluted at irradiation of composition No 2 without and with addition of Sic 
presented in table 2.2.4. 

The table 2.2.4. 
Influencing of addition of Sic on evolution of hydrogen at 
irradiation of composition No 2. 

Irradiated I Weight I Irradiation [ Doseof I Hydrogen - 
Of corn- time, days. Gamma- Evolution 
position 
in radiation, rate, 

mad.  ampoule, 
9- 

urn3 of 
mixture per 
hour. 

No2 

No2+SiC 

~~ 

, 12.3 5 47.5 0.034 
14.6 15 142.6 0.012 
10.0 29 275.6 0.052 
10.7 7 66.5 0.028 

. 12.5 28 266.1 0.051 
12.7 70 665.3 0.053 

As it is visible from the data of the table 2.2.4, the introducing of Sic in 

composition of cement mixture practically has not effect on rate of hydrogen 
evolution at gammairradiation of mixture. 

Determination of quantity of radiolytical hydrogen 
which is held back by concrete. 
At irradiation of compositions on the basis of cement radiolytic 

hydrogen is generating inside cement mixture and than goes out from mixture 
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1 I 2 I 3 

by diffusion through a system of cement mixture pores. It was possible to 
expect that the part of radiolytical hydrogen will remain in mixture phase. In 
this connection the research of content of hydrogen in samples of the 

irradiated cement mixtures was carry out. 
The results of experiments on definition of hydrogen contents in 

samples of mixtures having compositions No 1, 2 and 3, irradiated 90 days 

(gamma-radiation dose 855 Mrad), are presented in the table 2.2.5. 

Table 2.2.5. 
The residual contents of hydrogen in samples 

of irradiated compositions. 

% from ltt 
com- of mixture. 

Quantity of H2 

% from vt % from ut 
Quantity of H2 

com- of mixture. com- of mixture. 

1 Quantity of H2 Mixture 
Heating, 
OC. 

From the data, presented in the table 2.2.5, it is visible that all studied 
samples of the irradiated mixtures are containing significant amounts of 

hydrogen, and at heating the output of the main quantity of hydrogen is 
occurred at temperature 400 -500 OC for mixtures I and 2 and 500-700 Ocfor 
mixture 3. The fact that at temperature 200-250 OC the output of hydrogen is a 
little indicates that the binding strength of hydrogen with cement matrix is 
higher than at it physical adsorption. The data of the table 2.2.5 allow to 
suppose that the main part of hydrogen leaves from mixture at temperature at 
which destruction of crystallohydrates obtained at hydration of cement takes 
place. These crystallohydrates can retain hydrogen by formation of solid 

solutions similarly to chalkstone (21). Probably also holding of hydrogen by 
samples because of it including into closed micropores (22). 
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Leac- Total fraction of a leached radionuclide, % from 
hing initial quantity. 
time, *Cornposition Composition Composition Composition' 
days. I I1 111 IV 

Cs- Sr-90 Cs- Sr-90 Cs- Sr-90 Cs- Sr-90 
137 1 37 137 137 

1 0.05 ~ 0 . 0 1  ~0.01 0.15 0.26 ~ 0 . 0 1  ~ 0 . 0 1  0.11 
4 0.18 ~0.01 0.05 0.15 0.75 0.44 0.08 0.15 
7 
13 
26 

0.24 ~0.01 0.12 0.28 0.92 0.72 0.08 0.19 
0.50 ~ 0 . 0 1  0.16 0.28 1.29 0.80 0.08 0.27 
0.80 cO.01 0.16 0.28 2.28 0.84 0.08 0.33 

-~ ~ 

The matters added to cement mixtures were: 
- 
- 
- composition 111- antimony phosphate; 

- composition IV- tin phosphate. 

The selection of these inorganic sorbents was determined by that they 

are capable effectively to sorb radionuclides from solutions of miscellaneous 
compositions, including solutions, close on composition to pore solutions of 
cured cement mixtures (23,24,25). 

As it is visible from the data of the table 2.2.6, the addition in cement 
mixture of the mentioned Pove components has essential influencing on 

leaching rates of Cs-137 and Sr-90. 

The introducing in cement mixture of 10 % of clinoptilolite and tin phosphate 
results in decrease of fraction Cs-137 leached during 26 day in 5 and 10 
times accordingly. The addition of antimony phosphate lead to increase of 

Cs-137 leaching. 
In the case of Sr-90 the minimum leaching rate is watched for cement 

mixture without any additives, the introducing in a structure of composition 

composition I - without addition; 

composition ll - natural zeolite - clinoptilolite; 
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any of the tested components results in increase of leaching rate, which is 
most significant in case of addition of antimony phosphate. 

The results of the carried out researches have shown that the addition 

in cement mixtures of matters which are capable to sorb radionuclides, can 
reduce their leaching. However, the influencing of such components on 
properties of cured cement mixtures has complex nature and in some cases 

can result not in decrease, but even in increase of leaching rate which can 
be connected with negative effect of additives on structure of cured cement 

mixtures. 
The results of done researches have shown that the composition of 

portland cement mixtures has high influence on properties of these mixtures. 

Changing composition of cement mixtures it is possible to obtain mixtures 
possessing complex of properties in the most degree adequate to areas of 
their applying. 

In the present review we consider two fields of application of portland 
cement mixtures: 

- conservation (closure) of radiation - hazardous objects of atomic 
engineering, in particular of waste tanks, reactor compartments of vessels 
with nuclear energy installations etc.; 

solidification and preparing for long-term storage of the liquid radwastes. - 
The optimal complex of properties of cement mixtures designed for 

applying in each of introduced above areas can be various. 
So at usage of these mixtures for conservation of radiation - hazardous 

objects with high radiation level the important value has a high gas 

permeability of using mixtures because that allows to ensure going out of 

radiolytical gases without disturbance of concrete monolith integrity. For 
cement mixtures intended for solidification of the liquid radwastes middle and 

low level of activity the requirements of low leaching rate of radionuclides and 
high stability of mixture groundwater and other factors of 
environment of radwastes storage are going on the foreground. 

Considering from these positions results of researches of portland 
cement mixtures it is possible to make folbwing conclusions. 

For conservation (closure) of radiatiomhazardous objects with high 

level of radiation for which the release of significant amount of radiolytical 
hydrogen is possible, the most favourable combination of properties has the 

at affect of 
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composition No 2, as it has a high gas permeability, that provides output of 
hydrogen from massive of the cured composition without disturbance of it 

integrity. 

For conservation of radiationhazardous objects with low radiation 
level, for which quantity of emanation of radiolytical hydrogen is insignificant, 
and for solidification of the liquid radwastes the preference is necessary to 

give to composition No 21, which has a low permeability, low rate of 
radionuclides leaching and highest stability to affect of groundwater from 

studied compositions on the basis of portland cement 
Evaluation of service time of the cured cement mixtures at long- 
term storage under affect of gamma-radiation and factors of 

environment. 

The different factors of an environment of storage act on the cured 
compositions utilized for conservation of radiation-hazardous objects or for 
cementation of radwastes prepared to long-term storage. These factors 
cause corrosion of cement mixtures that results in decreasing of their 

durability. As the cured compositions should ensure safe long-term storage of 
radiation-hazardous objects and cemented radwastes it is important to have a 
capability of the evaluation of durability of cement mixtures in conditions of 

their storage. 
For estimation of demanded service time of the cured cement mixtures 

which is necessary for ecological safe handling with conservated (closed) 

radiation-hazardous objects and cemented radwastes it is possible to start 
with following reasons. 

The radionuclides which can be contained in radiation-hazardous 

objects and radwastes can be divided into three groups 
- short-lived nuclides with a half-life up to 2-3 years; 

- the long-lived fission products, basic of which are (3-137 and Sr-90, 

having a half-life about 30 years; 
superlong-lived nuclides (actinides, Pd-107, Tc-99, C129) the half-life of 

which reaches hundreds thousand and even millions years. 
For nuclides of the first group for their practically full disintegration it is 

enough several tens years and the reliability of cement mixtures on this period 

does not cause doubts. 

- 
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For nuclides of the second group for practically full disintegration (the 
decrease of activity in 100 000 times) it is necessary time about 500 years. 

Nuclides of the third group for their disintegration need time measured 

in millions of years that far leaves the frameworks of the most optimistic 
estimations of durability of the cured mixtures on the base of portland cement. 

Outgoing from above stated, is reasonable to esteem cement.ation with 

mixtues on the basis of portland cement as reasonable method for 
maintenance of safe storage of the radwastes containing nuclides of the first 

and the second groups for it is necessary that the durability of mixtures was 
not less than 500 years. Apparently, that for estimation of suitability cement 
mixtures for this purpose it is desirable to have possibility to predict their 
durability in conditions of affect on them of gammaradiation and storage 
environment. 

The analysis of reasons which can lead to decrease of strength and 

impairment of other physicochemical properties of concretes has shown that 
ihe W - r ~  {s %<interaction with groundwater and temperature regime of 

storage. The negative influencing on durability of concrete can be done also 
by irradiation, but this factor can become essential only for objects with high 
level of radiation (absorbed dose more than 2000 Mrad). 

Interaction with groundwater leads to leaching from concrete dissoluble 
calcium compounds that results in change of structure of solid phases of 
cement matrix and, as consequent of it, to decrease of strength and change 

of other physicochemical properties of concrete. Besides the contact with 
groundwater is a reason of leaching of radionuclides fromcement matrixes. 

The negative influencing on durability of concrete can render also 

periodic cooling it up to temperature at which freezing a liquid in pores of 
cement matrix can take place that can lead to development of microcracks in 
structure of concrete that results in decrease of it strength, acceleration of 
leaching of components which are included in structure of concrete and 
radionuclides too. This factor may be important when the cemented objects 

are stored without weather protection in climatic conditions in which in winter 
period the probably longlived temperature fall is lower -18-20 %. Such 
situation is represented rather improbable. Besides the conducted special 

researches have shown that designed cement mixtures have the class of frost 
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resistance not below F=300 according to GOST 1006087 that guarantees 
preservation of properties of concrete on predictable period. 

Thus as the main factor determining durability of concrete, used for 

conservation of radiationhazardous objects, including waste tanks , and 6r 
solidification of the liquid radwastes, it is necessary to consider interaction of 
concretes with groundwater. 

As a parameter of properties of concrete at estimation of their 
durability was chosen their compression strength because the change of this 

parameter mirrors changes happening in structure of concrete. 
Corrosion of the cured cement mixtures at interaction with 

groundwater. 
At contact of the cured cement mixtures with groundwater the leaching 

of ca(OH)2 takes place, rate of which is limited by Ca'2 diffusion through 

system of matrix - pores of cement mixture. 

For estimation of service time of the cured mixtures on the basis of 

cement it is necessary to have the information on leaching rate d calcium 

from it. The data on leaching rate of calcium from mixtures No 2 and 21 are 

shown in the table 2.2.7. 

Table 2.2.7. 
Leaching rate of calcium from mixtures No 2 and 21. 
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0.000465 

0.000572 

40 

50 
60 

0.00066 

0.000738 

0.00081 
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No of composition Speed of water current, 
m I year 

10 
2 1 

Service time of 
composition, years 

2.5*10' 
7.9'102 

21 
100 2.5'1 O2 
1 7.0'1 O3 

10 
100 

2.2'10~ 
7.0'1 O2 
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60 40 1 .o I 3.0 
20 80 1.0 1 .o 

The table 2.2.9 
lnfluencina of auantitv of pulp on strength of cured cement mixtures. 

moosition or cement mixture. I Weight water/ I Compressive 1 co .. - - -..I - - -I - - I - _I -!..A. .-_ ~- 

I 
The contents, Yo weight. 

Pulp 
ratio I Bentonite I I I I 

compression strength, equal to 13 MPh,  have samples of cured cement 

mixtures containing up to 30 % weight of pulp. Increasing of content of pulp 

in cement mixture above this limit leads 1D sharp decreasing of compressive 

strength and these mixtures dues not fulfil conditions of the Russian 

standards of safety (RD 951 0497-93). 

The conducted researches have allowed to recommend for 

solidification of radioactive pulps the following composition of cement mixture: 
- 
- 
- 
- watedcement ratio 1 : 1. 

The leaching rate of Cs-137 and Pu-239 was studied for cement 
mixtures, compositions of which are s hown in the table 2.2.10 

Composition of cement mixtures for research of leaching rate of Cs- 

binding - portland cement M400; 

bentonite - 10 % from weight of cement; 

radioactive pulp- about 30 Yo from weight of cement; 

The table 2.2.10 

137 and Pu-239. 
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Contact 

time of 

sample 

days * 

with water, 

The notice - in samples 4 and 8 the bentonite dried up to constant 

Leaching rate of Cs-137 from samples of 

cement mixtures, g/srn*xday 

1 2 3 4 5 

weight at temperature 100 OC was added. 

The data on leaching rate of (3-137 and Pu-239 from investigated 

I 

15 8 . 5 ~ 1 0 ~  1.3~10' 3.1~10' 1 . 6 ~ 1 0 ~  

28 5 . 1 ~ 1 0 ~  8.8~10 1.8~10' 8 . 0 ~ 1 0 ~  

cement mixtures are presented in the tables 2.2.1 1 and 2.2.12. 

1 . 6 ~ 1 0 ~  

5 . 0 ~ 1 0 ~  

The table 2.2.1 1. 

58 2.6~10" 4 . 1 ~ 1 0 ~  8 . 2 ~ 1 0 ~  3 . 0 ~ 1 0 ~  

150 2.0X1OJ 8 . 5 ~ 1 0 ~  3.8~10 8.0~1 Oa 
190 1 .Ox1OJ 1 . 3 ~ 1 0 ~  - 2 . 5 ~ 1 0 ~  

Leaching rate of Cs-137 from cement mixtures (composition of 

- 
- 
- 

I I I I I 

350 I 1.0x103 I - I - I - I - 1 

The table 2.2.12 

Rate of Pu-239 leaching from cement mixtures 

(composition of samples presented in table 2.2.10). 

Contact I Rate of PLJ-239 leaching from I 
samples of 1 yment,mixtures. g/s xday. I time of 

sample 8 1 7 

with water, 

9.2~10' 3.3~10 1 .ox10 

2.1x10 1.ox10- 4.0~10 

140 I 2.oX10-7 I 2.0x10-7 1 i . o x i o ~  I 
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The results of the carried out experiments have shown that the addition 

of clinoptilolite and bentonite, especially bentonite dried up to constant weight 

at 100 OC, essentially decreases leaching rate of Cs-137 from cement 

mixtures. In case of plutonium the influencing of bentonite addition on 

leaching rate is not so significant. 

The experiments, results of which presented above, were carried out 

without exchange of contact solution that imitated emergency submergence of 

radwastes storage. 

Magnesiumphosphate cement for solidification of the liquid 

radwastes and pulps directly in waste tanks. 

In a number of cases there is a necessity of solidification of the liquid 

radwastes or radioactive pulps directly in waste tanks in which the stirring is 

very difficult or is impossible. The carried out researches have shown that for 

this purpose it is perspective to use cements on the phosphate basis which is 

forming at interaction of phosphoric acid with compounds of different metals, 

in particular with caustic magnesite. 

In work /27/ the main positions reflecting influence of chemical 

composition of phosphate compounds on capability and on conditions of 
development of astringent properties were formulated: 

1. The phosphate cements are received at interaction of phosphoric acid 

with powdery materials (oxides, hydroxides, phosphates etc.) in broad 

range of their composition. 

2. The intensity of development of astringent properties in system 'I oxide - 
phosphoric acid 'I is objective function of value of ionic potential (relation 

of a charge to effective radius) cation of oxide. 

3. The major factor determining a capability of obtaining of phosphate 

cement is the right selection of ratio of reaction rate of phosphoric acid 

with oxide (generation rate of germs of crystalls) and speed of gelation of 

cement. 

Application of cements of phosphate solidification for an immobilization 

of radioactive waste is perspective from the point of view of strong fixation of 

radionuclides in structure of cement mixture. The large group of mineral ion 

exchangers is known on the basis of indissoluble salts of phosphoric acids 
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/28/, such as phosphates of barium, tin, zirconium, thorium etc ., which 

effectively retain different radionuclides. It gives the basis to guess that after 

immobilization of radioactive waste in phosphate cement there will be a 

strong fixation of radionuclides. 

On the basis of above-stated it was offered technique /28/ of 

solidification of liquid radioactive wastes with applying as binding of 

magnesiumphosphate cement. 

In according to this technique in radioactive waste the concentrated 

ortophosphoric acid and caustic magnesite must be sequentially added at 

weight ratio radwaste pulp: ortophosphoric acid: caustic magnesite equal to 

1 :0,3:0,5 accordingly. After that the mixture is maintained during time which is 

necessary for solidification. The plant tests /30/ on solidification of 70 r ~ ?  d 
radioactive ferrocyanide pulp directly in defective radwaste storage tank - AG 

- 8301/1 having volume 3200 m3 at radiochemical plant MCC was made. On 

technological calculations for solidification of 70 m3 of pulp having ratio solid 

to liquid phase equal 1:2, it was required 25,8 t of concentrated phosphoric 

acid and 42 t of caustic magnesite. The distinctive feature of technological 

process of solidification was that in the tank the system of mixing was absent 

that complicated process of solidification. As a result of it, after supply in the 

tank of all quantity of phosphoric acid and the first portion (3,5 tons) of caustic 

magnesite the dense layer of magnesium-phosphate cement was formed on 

the surface of pulp that precluded entry of caustic magnesite into mixture of 

pulp and phosphoric acid and because of that has not given capability to 

finish process of solidification. 

In laboratory conditions the researches were carried out to choice the 

conditions of the introducing in waste tank of phosphoric acid a d  caustic 

magnesite which would give a capability to make solidification in all volume 

of waste. The results of these experiments show that for this purpose it is 

necessary: 
- 
- 

concentration of phosphoric acid in waste must be 90-106 g/I; 

all demanded quantity of caustic magnesite should be entered in one 

portion during possible short time; 
after the addition of magnesite the system must be stayed during 100 day 

for solidification of the formed cement. 

- 
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In accordance with recommendations prepared on the basis of results 

of laboratory researches, the following technological decisions were adopted: 
- to add in tank calculated quantity of water for decreasing of density of 

aqueous phase of pulp from 1.412 g/sm3 to 1.32 g/sm3 and decreasing of 

phosphoric acid concentration from 196 gll up to 106 g/l; 
- the addition of all demanded quantity of magnesite carry out in one portion 

during possible short time; 

- after magnesite addition to add in tank 1.5 t of phosphoric acid to 

guarantee obtaining of magnesiumphosphate cement on the surface of 

waste. 

After carrying out of all these operations reaction mixture in tank was 

stored during 100 days. The samples, which were taken after that, showed 

that magnesiumphosphate cement monolith was formed in whole volume of 

radwaste in tank. 
The carried out works have allowed to solidificate 70 m3 of radioactive 

pulp that gave possibility to localize radionuclides in cured cement mixture 

and to eliminate leakage of radionuclides from defective tank in ground 

waters. 

The installations for cementation of radioactive wastes developed in 
Russian Federation. 

The method of cementation is considered in Russian Federation now 

as the main method for reprocessing of low and middle active radwastes. In 
this connection the significant attention in Russia was paid to developing of 

equipment for this purpose 

brief description and the characteristics of which are presented below. 

To the present time the number of such installations is designed, the 

1. Installation of cementation on RTP “ATOMFLOTyy. 

The installation is designed for cementation of radioactive wastes 

The radwastes of different chemical and phase composition can be 

which are obtained at exploitation of atomic -powered icebreakers. 

processed on this installation: 

- saline solutions including brines and concentrate from the installation 

of membrane cleaning; 

c -  
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- hydroxide pulps; 

- pulps of inorganic sorbents. 

Cement mixtures obtained on the installation, are packaged in 

protective concrete containers UNZK-150-1.5P with capacity 1.5 m3. Activity 

of cement mixtures must be not more than 6 x 1 09Ci/kg. 

Structure of the installation. 

The installation consists of five blocks: 

- system of cement feed in the block of mixture preparation; 

- system of radwastes preparing and ts feed in the’block of cement 

mixture preparation; 

- block of cement mixtures preparation and discharging of it in the 

container; 

- system of containers transportation; 

-the control system. 

Characteristics of the installation. 

2. Installation for cementation of the ash from incineration of 

combustible solid radwastes on Smolensk Nuclear Power Plant.. 

The installation of cementation is designed for cementation of the ash 

which is obtained at incineration of solid combustible radioactive wastes. It 
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contains up to 99 % of radionuclides from their quantity in an initial 

combustible solid radioactive waste. 

The installation includes: 

- bunker for cement; 

- vessel for water; 

- vessel for collecting of ash with volume 200 I; 

- the automotive protective container; 

- auger feeder for ash; 

- feeder for batching of cement; 

- unit for mixing of ash, cement and water. 

Characteristics of the installation. 

Filled with ash the barrel located in the automotive protective 

container, goes on the installation of cementation.. The barrel with ash is 

connected to the cover having the electric drive with mixer and admissions 

for cement and water. 

The cement feeds from bunker with portions up to 70 kg. 

The water feeds from vessel with portions up to 70 I. 
The consumption of cement - 0.6 - 1 .O kg / hour. 

Quantity of cement compound - 1.6 - 2.6 kg / hour. 

Specific activity of cement compound - up to 1 x l  0-2 Ci/kg. 

3. Installation of cementation liquid radwastes in building 101 

NITI. 

The installation is designed for cementation of liquid radwaste 

concentrates. The solidification is made directly inside primary packaging 

(barrel). 
The installation can be utilized on objects, on which the volume and 

regularity of liquid radwastes formation make stationary installation 

economically inexpedient. 
The portland cement M500 (GOST 10178-85) will be used for 

cementation of liquid radwaste concentrates. The different synthetic and 

natural inorganic sorbents ( nickel ferrocyanide on silicogel (NGA- "Celeks - 
CFN" TU 95-238592, bentonite clay (GOST 7032-75), clinoptilolik, 
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vermiculite etc.) in quantity 515 YO from weight of cement can be applied as 

sorbing additives. 

The modular design is adopted for installation that allows to convey it 

on different objects. 

Characteristics of the installation. 

1. installation capacity: 
- on concentrate of liquid radwases , m3/year 
- on cement compound, m3/year: 

2. 
3. 

Concentration of salts in radwaste solutions, g/I 
Quantity of components on cementation of one barrel: 

- concentrate of liquid radwastes , I 
- cement, kg 
- sorbing components, kg 

Weight of barrel with cement compound, kg 
SDecific weight of cement compound, kq / I 
Volume of barrel withcement compound, I 

Radiochemical composition of liquid radwastes 

4. 
5. 
6. 
7.  

8. Average chemical compos ition of liquid radwaste 
concentrates : HC03 

CC 
S04-2 
N03- 
Ca+2 
Mg+2 
Na + 
K +  
"4 + 

Fe+3 
Petroleum 

PH 
Density, gll 

Specific activity of liquid radwastes concentrate , Ci/l 

Operational mode of the installation 

Quantity of modules at transpotation 

Module 1 
Module 2 

Weight of the installation (net), kg 
Module 1 

9. 
10. Consumed electrical Dower, kw 
11. 
12. The design of installation 
13. 
14. Overall dimensions, mm 

15. 

Module 2 

100 
Up to 142 

~ upto200 

126 
180 
10 

Up to 350 
1.8-2.0 

200 
Ce60, Sr-90, 

CS-1 37 

25-35 % 
18-25 % 
10-15 % 
1-2 % 

8-12 % 
1-5 ?'o 

8-12 % 
4-8 % 

0.1-0.3 % 
1-3 % 
1.5 ?/! 
6.58.5 
1.045 
1x10* 

~ 

up to 5 
Periodic 
Modular 

2 

3500x1 350x2000 
350Ox2600x2000 

1000 
2000 
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1. 
2. 

3. 
4. Cementing material 

Capacity on cement grout, m ‘/hour 

0.73, m3/hour 
Capacity on liquid radwastes (at (waterkement ratio- 

Concentration of salts in radwaste concentrates , gll 

5.  
6. 

Density of cement grout, kg / I 
Rate of Cs-137 leachinq, ql sm‘xday 

7. The sorbing additives 
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1.5 
1 .o 

up to 1000 
Portland cement 
M400 and M500 

1.5 -2.2 
2 ~ 1 0 ~  - 4x1 0” 

Bentonite, natural 

4, Installation for cementation radwastes on Moscow NPO 

“Radon”. 

The modular installation of cementation with the vortex mixer designed 

for processing of liquid radwastes concentrates, pulp of iorexchange resins 

and inorganic sorbents. 

Cement compound obtained on the installation with activity not more 

a. 

9. 

10. Watedcement ratio 
11. 
12. Operational mode 

13. Process control 

14. Primary packaging 

Quantity of the sorbing additives, % of weight of 
cement grout 

grout 
Quantity of superplasticizer, % of weight of cement 

Specific activity of reprocessed solutions, Cill 

than 5x104 Ci/kg is packaging in steel barrels with volume 200 1. 

zeolites 
1 - 5 %  

0.1 - 1.0 % 

0.4 - 0.8 
up to 1x103 
Periodic or 
continuous 
Manual or 
automatic 

Steel barrel 
v=200 I 

The installation consists of following modules: 

- preparation of cement mixture; 

-transport; 

- preparation of pulps; 

- preparation of inorganic sorbents ; 

- preparation of ionexchange resins; 

- pumps-batchers; 

- ventilation; 

- control panel; 

- electric switchboard. 
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- 15. Service life of the installation, years 
16. Total mass, metric ton 
17. Consumed electrical power, kw 

Not less than 10 , 

27 
1 50 

5. Installation of cementation of liquid radioactive waste 

“ATOMmash”. 

The modular installation of cementation is designed for solidification of 

concentrates obtained at evaporation of liquid radwastes, pulps of filtering 

maretials and liquid organic waste of low activity level. 

Cement grout with specific activity no more thanlx104 Cilkg obtained 

Characteristics of the installation. 
on the installation is packaged in steel barrels with volume 200 I. 

, 9. Waterlcement ratio 0.4 - 0.8 
10. Specific activity of reprocessed solutions, Ci/l Up to 5x10“ 
11. Operational mode Periodic or 

continuous 
12. Process control Manual or 

automatic 
13. Primary packaging Steel barrel 

1. 
3. 
4. Cementing material 

Capacity on cement grout, m 3/hour 
Concentration of salts in radwaste concentrates , g/l 

Density of cement grout, kg l I 
The sorbing additives 

7. 

8 .  

Quantity of the sorbing additives, % of weight of 
cement grout 

Quantity of superplasticizer, % of weight of cement 
grout 

-1 .u 
u p  to 200 

Portland cement 
M400 and M500 

1.5 -2.2 
Bentonite, natural 

zeolites 
1 - 5 %  

0.1 - 1.0 % 

~- ~- ~ 

In conclusion the basic characteristics of the installations of 

cementation designed in Russia are presented below. 

! 
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Basic characteristics of the Russian installations of 
cementation. 

The 
characteri- 

stics 
of the 

installations 
Composition 

of the 
cemented 
radwastes 

Capacity on 
cement - 

nrout 

activity of 
cement grout, 

Cikg 
Type of 

cement grout 
p a h 9 e  

specific 

Design 
features of 

the 
installation 

Development 
stage 

Enterprise- 
Designer 

RTP 
'ATOMFLOT" 

Liquid 
radwases with 
salt content up 

to 200 gl , 
hydroxide pulps 

and pulps of 
inorganic 
sorbents 

u p  to 1 .o 
m 3/hour 

UP to3 
6x1 0- 

The protective 
concrete 
container 

UNZK-150. 
1.5P 

Fixed location 
in building with 

radiation 
protection. 

installation is 
mounted on 

RTP 
uATOMFLOT" 
and now is in 

industrial 
testing 

SverdNllchim - 
mash 

Place 

Smolensk NPP 

Ash from 
incineration of 
combustible 

solid 
radwastes . 

Up to 2.6 
Kg I hour 

u p  to 
1 .oxlo-2 

Steel barrel 
v=2o0 I 

Fixed location 
in building with 

radiation 
protection. 

The working 
documentation 

is designed 
and confirmed 
by regulatory 

autorities. 

GI 
VNlPlET 

location of the in 
RNC 'N ITI" 

Liquid 
radwastes with 
salt content up 
to 200 7?, pulp 
of ion-exchange 

resins and 
inorganic 
sorbents 

Ti! 0.13 
m /hour 

u p  to 
1 . o x ~ o - ~  

Steel barrel 
v=200 I 

The modular 
installation 

The cold tests 
of experimetal 

Installation 
was carried out 

RNC 'NITI" 

illation 
Moscow 

SPA 
'RADON" 

Liquid 
radwastes with 
salt content up 

to lo00 gl, 
pulps of ion- 

exchange resins 
and inorganic 

sorbents 

u p  to 1.5 
m3/hour 

u p  to 
5 ~ 1 0 ' ~  

Steel barrel 
v=200 I 

The,modular 
installation 

Installation is 
mounted on 

Moscow NPO 
"RADON" and 

now is in 
industrial 

exploitation 
Moscow NPO 

"RADON" 

ATOMmash 

Residues from 
evaporation of 

liquid 
radwastes, 

filtrating 
materials, 

liquid organic 
Low level 

pulps of 

radwastes 
UpJo 1.3 
m "/hour 

Steel barrel 
v=2o0 I 

The modular 
installation 

The working 
documentation 

is designed 
and confirmed 
by regulatory 

au torities. 

'ATOMMASH" 

3. LARGE SCALE EXPERIENCE OF APPLICATION OF CEMENTATION 

METHODS FOR CONSERVATION OF RADIATION-HAZARDOUS 

OBJECTS IN RUSSIA. 

Up to the present time in Russia there is no experience on applying 

of cementation for conservation (closure) of waste tanks. It is connected with 

that waste tanks in which the main part of the accumulated radwastes is 
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stored in Russia manufactured from corrosion-resistant stainless steel that 

reduces to minimum hazard of affect of these wastes on environment. 

The radiation-hazardous objects of nuclear fleet removed from 

exploitation have significantly larger hazard to environment therefore on 

conservation of these objects it is paid prime attention now. 

To the present time the large scale works on conservation of two 

objects of nuclear fleet were made: 
- floating technical base “Lepse” (ship assigned to maintenance of atomic 

ice breakers) of Murmansk marine shipping company; 

two reactor compartments of nuclear submarines in former training center - 
of the Russian Navy in Paldisk Estonia. 

“Lepse”. 

For adjustment of radiation conditions on “Lepse“ in accordance with 

the present Russian standards in 1990 it was accepted the decision to fill in 

intertank space of burned up fuels storage on this ship with concrete - 
conserving agent. 

The monolith formed by concrete - conserving agent should become 

an engineering barrier ensuring increase of strength of all construction and 

also as immobilization barrier to prevent possible migration of radionuclides 

from burned up fuels storage in environment. 

1. Cementation of intertank space of burned up fuels storage on 

1.1 . Design of intertank space of burned up fuelsstorage on uLepse,. 

The burned up fuels storage on ‘Lepse” represents located in the nose 

of the ship rectangular compartment with metallic walls inside of which 

there are placed two cylindrical tanks with burned up fuel assemblies. 

Assemblies are placed in capsules arranged by concentric series and 

intercapsule space is filled by water serving for cooling of capsules. The water 

circulation is provided with special system. The tanks are closed by rotary 

covers permitting selectively to open access to capsule and assembly which 

must be overload. 

Burned up assemblies storage has the internal sizes 4800x10150 mm 
and walls with thickness 420 450 mrn. The tanks having diameter 3600 mm 

and height 3440 mm are made from stainless steel with thickness 10 mm. 
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For creation of engineering barrier in intertank space it was necessary 

to fill it with 102 d of cement mixture. It was made with the purpose of 

strengthening of storage in view of possible accidents at all technological 

stages of the management d burned up assemblies and at long-term storage 

in repository. 

1.2. General requirements to materials of engineering and 

immobilization barriers. 

To the cured cement mixtures: 

- to provide protection of metallic construcrions of burned up assemblies 

storage from corrosion under affect of the external factors; do not accelerate 

and do not instigate corrosion of available protective contours of storage; 
- 
- to have high durability, the value of compressive strength of concrete - 
conserving agent at the end of calculated storage time (500 years) should be 

not less than 100 kg /cm2 (10 Wa); 
- 

to be steady against long-lived radiation effect; 

to be non-toxic, flame safety and fireproof. 

The mixtures prepared for conservation of radiation-hazardous objects 

to have flow characteristics indispensable for full filling of space of the 

complex configuration; 

the used mixtures should be not toxic, are explosionproof and fireproof; 

mixtures and their rheological characteristics should provide a capability of 

their mechanical preparation, transport, supply and stacking with usage of 

equipment serially produced and used in building; 

the materials should be not deficient 

must: 
- 

- 
- 

- 
1.3. General requirements to technology of conservation of the 

object: 

the technology of object filling with cement mixtures should be completely 

mechanized and remotely operated; 

the technological circuit for object cementation should be highly reliable; 

mounting of the part of technological circuit for packing of mixtures in 

radiationdangerous zone and process of packing of mixtures should 

requires of minimum workers participation at carrying out of all 

- 

- 
- 

requirements and standards of radiation safety. 
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1.4. Materials and technology for cementation of intertank space. 

In accordance with data of radiation safety service of Murmansk 

marine shipping company the integral radiation dose of concrete in intertank 

space of burned up assemblies storage for estimated time of storage of 

“Lepse” will not exceed l x l @  rad. Thus for this object it is not required 

applying of special highly radiation stable concrete. Outgoing from this for 

filling of intertank space on “Lepse” the concrete on the basis of portland 

cement and customary fillers (sand, Breakstone) satisfying to GOST 10260- 

80 was selected. Such concrete mixtures also fd to all, formulated above, 

requirements: they are not toxic, are fire- and explosion-proof, the materials 

to their preparation are accessible and mixtures preparation, transport, supply 

and stacking can be made with usage of serially produced and widely 

applicable in building equipment. 

Due to modern achievements of concrete technology, it is possible to 

receive not stratified homogeneous mixtures possessing high fluidity, capable 

to stuff completely internal volumes of objects of the complex configuration. 

At the same time, it, as a rule, demands of the heightened consumption 
of cement. In this connection special attention was paid to limitation of 

mixture temperature growth during cementation and subsequent curing of 

concrete monolith to except thermal crackforming in concrete. On the basis of 

the carried out experimental works for the solution of this problem it was 

determined to do cementation of intertank space of burned up assemblies 

storage on “Lepse” in October when climatic conditions near Murmansk allow 

to receive concrete mixtures with temperature 5-10 OC without addition 

cooling. This measure and usage for cooling of curing concrete of cooling 

system of burned up fuel storage has allowed to limit temperature rise in 

concrete no more than 3540 *C that completely eliminated hazard of 

dangerous thermal stresses in concrete monolith. 

For cementation of intertank space on “Lepse” the concrete mixture on 
the basis of low aluminate portland cement was used the composition of 

which is shown in the table I. 1. 
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Table 3.1. 

Composition of concretes used for cementation of intertank space of 
burned up assemblies storage on “Lepse” 

The naming of materials, 

parameters of concrete mixture 

Portland cement: 

of the mark: “400” 

“500” 

Sand 
Breakstone (size up to 20 mm) 

Water : cement ratio 

Additives: 

Superplasticizer 

Units of 

measurement 

The consumption of 
materials on 1 m3 of 
concrete 

415 

650 
975 

0,481.0,5 

s-3 

~ 

380 

740 

1020 

0,42+0,45 

S-3 

~~ 

Concrete mixtures were prepared on usual concrete plant and 

transportation of concrete to “Lepse” was made with help of automobile 

concrete mixers. 
The system consisting of the “Wartington” concrete pump and 

concrete line connected the pump placed on a coast with a receiving hutch on 

“Lepse” was used for stacking of concrete. In total in intertank space was 

pumped 110 m3 of concrete, on what it was required about 6 hours. 

have shown that the concrete monolith has no 

defects, the compression strength of check samples of concrete in the age of 

28 day was equal to 27.6mPa. Thus it is possible to draw a conclusion, that 
the conservation of burned up assemblies storage on ‘Lepse” has passed 

successfully. 

The check tests 
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2. Decommissioning and preparing to safe storage during 50 

years of reactor compartments nuclear submarines in training 

center of Russian Navy in Paldisk Estonian Republic. 

Training center of the USSR Navy in Paldisk was put into exploitation 

in 1967. There were two real reactor compartments of nuclear submarines 

and necessary power equipment, (steam generators, turbines etc.). The 

nuclear power plants in training center were working up to 1989. 
After finding by Estonia of the status of the independent state it was 

raised the question about liquidation of training center of Russian Navy in 

Paldisk. In accordance with intergovernmental Agreement between Russia 

and Estonian Republic nuclear objeck of training center must be 

decommissioned and prepared to long-term (50 years) safe storage till 30 

September, 1995. 

In accordance with this agreement it was carried out complex of works 

including: 
- 
- 

comprehensive engineering inspection of the objects; 

elaboration and adjustment of the I concept of decommissioning and 

preparation to safe storage of nuclear objects of training center; 

elaboration of the project documentation for carrying out of the works and 

technology of cementation of reactor compartments and other systems of 

nuclear power plants; 

hermetic sealing of reactor compartments; 

conservation of reactors, equipment and systemsof nuclear power plants; 

building of protective shelters (sarcophagi). 

- 

- 
- 
- 

The complex of buildings and facilities of a training center provided 

realization of all technological operations indispensable for exploitation of 

reactors and other systems of nuclear power plants in conditions maximum 

approximated to real. 

At exploitation of the installations the carrying out of the following 

operations was required: 
- storage and audit of fresh fuel assemblies, rods of management and 

protective system etc.; 

, . . . .._ 
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- recharge of active zones of the reactors; 
- replacement of separate components of reactors and equipment of the 

steam generating installations; 

cooling of the burned up fuel assemblies; 

cooling of radioactive components of reactors and equipment of steam 

- 
- 

generating installations; 

loading of cooled burned up fuel assemblies on an external transport; - 
- disposal of the radioactive equipment. 

The systems of training center provided carrying out of all these 

operations. 

2.1. comprehensive engineering inspection of the nuclear objects 

of the Navy training center. 

Comprehensive engineering inspection of nuclear objects of the Navy 

training center was made to obtain the data necessary for designing of 

technology and documentation for decommissioning of these objects. The 

inspection was conducted in two stages. The first stage was done in January, 

1994 for elaboration of the concept of decommissioning of nuclear objects 
and second stage was made after discharge of nuclear fuel from rectors and 

disposal of liquid and gaseous mediums from systems and equipment to 
obtain the indispensable addition data for designing technology of objects 

conservation and preparing of projectbudget documentation. 

Engineering inspection included: 

- estimation of actual condition of buildings, equipment and systems of 

reactor compartments and other equipment of nuclear power plants; 

itemization of the design and technological solutions on equipment and 

systems disassembly and their preparing to conservation and long-term 

- 

storage; 
full-scale measurements of overall dimensions of a reactor compartments 

necessary for designing of protective shelters; 

radiation examination of reactor compartments, buildings and territory. 

- 

- 
On the base of results of engineering inspection the following 

conclusions were made: 
- the dose rate of y- radiation on territory of training center is equal to 16 - 
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23pR/h and corresponds to background values for the given terrain; 

- technical condition of buildings and equipment is satisfactory; 

- the radiation examination has shown, that in all placement, excepting 

reactor compartments, there is no excess of background values $- and 

activity; 

- y -radiation dose rate in reactor compartments is equal to 0,l - 23 mWh. 

The obtained results of engineering examination have allowed to accept the 

optimal and economically reasonable solutions at elaboration of technology 

and project documentation. 

2.2. The concept of decommissioning and preparation to safe 

storage of nuclear objects of training center 

The modern concepts of decommissioning and preparation for long- 

term storage of nuclear objects envisage their deep decontamination and 
disassembly, including constructions with induced radiation. The realization 

of the similar concepts is connected with formation big quantity of highly 

active solid radioactive wastes 'and secondary liquid radioactive wastes. 

Processing and solidification of these wastes are very complex, expensive 

and longtimed processes requiring of creation of new productions. 
In conditions of a nuclear training center in Paldisk the indicated 

concept could not be used because of very short period of time which was 

given on all works (nuclear objects of training center must be delivered to 

Estonian party till September, 1995) and also because of the limited financial 

capabilities of Russian party. All this dictated necessity of acceptance of new 

more optimal solutions. 

and technical criterions for 

underground disposal of the radioactive wastes (serial of issues on safety, No 

99, Vienna 1990, the section 3 '' Principles of safety ") was necessary to find a 

solution answering to the following requirements: 

- providing of safety ; 
- 
- 

In view of IAEA principles of safety 

liability before the future generations; 

consequences in the future: " It is necessary to ensure a degree 01 

isolation of highly radioactive wastes at such level that there were absenl 

predictable kinds of risk for people health or consequence for ar 
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environment in the future, which would not be acceptable today ”. 
For carrying out of the indicated conditions and requirements, on fifty 

years period of reactor compartments storage in accordance with really 

existing radiation situation, it was necessary to create a number of 
engineering barriers precluding migration of radionuclides in environment and 

eliminating unauthorized admittance of the people into reactor compartments. 

The following system of rector compartm ents preparation to long-term 

preparing of devices and systems of reactor compartments and steam 

generating installation to conservation with the help of concrete - 
conserving agents; 

storage was adopted to realization: 
- 

- creation immobilizing and engineering barriers inside reactor 

compartments; 

- building protective sarcophagi outside of reactor compartments designed 

for protection of reactor compartments from extreme impacts natural and 

technical origin within 50 years. 

The preparation of devices and submarine h~ner c ompartments and 

of steam generating installation to constitutes barriers for disassembly and 

deleting of the uncontaminated equipment was done prior to sealing reactor 

compartments. The hermetic sealing I involved plugging pipe lines, holes 

in body of reactor compartments with grout prior to the Csmpartment test on 

air-tightness. Besides these works dehumidifying of air inside reactor 

compartments and deposition of outside protective coatings on bodies of 

compartments were made. 

In result of engineering inspection the list of equipment and devices of 

reactor compartments must be conservated with help of special concrete 

mixtures was determined. 

On the basis of results of researches of properties of special portland 

cement mixtures, presented in this review, for conservation of reactor 

compartments the mixture No 2 was selected, in which as the main 

components of mixture except of cement will be used finely divided shungizit 

and shungizit sand. For giving high fluidity to concrete mixture in it the 

superplasticizer 53 was added, and for increase of concrete gas 

permeability the component SDO was introduced. 

c 
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The composition of concrete, which were used for conservation of 

reactor compartments and the creation of external shelters (sarcophagi) are 

shown below. 

Composition of concrete mixture No 2 for conservation of reactor 

compartments (consumption of materials on 1 m3 of concrete): 

Portland cement of Pikalev plant M 500 - 726 kg 

Shungizit filling material - 259 kg 

Shungizit sand 

Water 

Superplasticizer S-3 
SDO 

-621 kg 

- 372 kg 

- 5.4 kg 

- 0.4 kg 

Mean density of concrete of 2000 kg / m3 

For building external shelters the concrete of the following composition 

was used (consumption of materials on 1 m3 of concrete): 
Portland cement of Pikalev plant of M 400 - 400 kg 
Sand - - 512 kg 

Breakstone (fraction no more than 10 mm) - 836 kg 
Water - 246 kg 

Superplasticizer S-3 - 6.0 kg 

Mean density of concrete of 2000 kg / m3. 

All activities on conservation of the equipment of reactor compartments 

and building of external shelters were finished to the end of September, 1995 
and were adopted by the Estonian party which stated that the carried out 

works guaranteed safety of decommissioned reactor compartments on 

demanded period (50 years). 

CONCLUSION. 

The results of done researches have shown that the composition of 

portland cement mixtures has high influence on properties of these mixtures. 
Changing composition of cement mixtures it is possible to obtain mixtures 
possessing complex of properties in the most degree adequate to areas of 

their applying. 
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In the present review we considered two fields of application of 
portland cement mixtures: 
- conservation (closure) of radiation - hazardous objects of atomic 

engineering, in particular of waste tanks, reactor compartments of vessels 
with nuclear energy installations etc.; 
solidification and preparing for long-term storage of the liquid radwastes. - 

The optimal complex of properties of cement mixtures designed for 
applying in each of introduced above areas can be various. 

So at usage of these mixtures for conservation of radiation - hazardous 
objects with high-level of radiation the important value has a high gas 
permeability of using mixtures because that allows to ensure going out of 
radiolytical gases without disturbance of concrete monolith integrity. For 
cement mixtures intended for solidification of the liquid radwasks middle and 
low level of activity the requirements of low leaching rate of radionuclides and 

high stability of mixture groundwater and other factors of 
environment of radwastes storage are going on the foreground. 

Considering from these positions results of researches of portland 
cement mixtures it is possible to make following conclusions. 

For conservation (closure) of radiatiorkhazardous objects with high 
level of radiation for which the release of significant amount of radiolytical 
hydrogen is possible, the most favourable combination of properties has the 
composition No 2, as it has a high gas permeability that provides output of 

hydrogen from massive of the cured composition without disturbance of it 
integrity. 

For conservation of radiation-hazardous objects with low radiation 

level, for which quantity of emanation of radiolytical hydrogen is insignificant, 
and for solidification of the liquid radwastes the preference is necessary to 

give to composition No 21, which has a low permeability, low rate of 
radionuclides leaching and highest stability to affect of groundwater from 
studied compositions on the basis of portland cement. Estimation of possible 

service time of composition No 21 showed that even in disadvantageous 
condition (groundwater flow in repository up to 100 m/year) durability of it 
must be more 500 years - the time which is necessary for practically full 
decay of Cs-137 and Sr-90. 

at affect of 

B 

_I_- -- - 
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The technologies of cementation of radiationhazardous objects of nuclear 

fleet was elaborated with accounting of results of carried out investigation. 

This permitted to make up to date the large scale works on conservation with 

help of concrete of two objects of nuclear fleet: 
- floating technical base “Lepse” (ship assigned to maintenance of atomic 

ice breakers) of Murmansk marine shipping company; 

two reactor compartments of nuclear submarines in former training center 

of the Russian Navy in Paldisk, Estonia. 

- 

In the short review it is impossible to present all results obtained in 

cement mixtures researches carried out in Russia. But presented results 

permits to formulate key technical questions that can be the matter of 

analytical and experimental investigations in the potential Part 2 of the 

project: 
- elaboration of new compositions of mixtures on the base of cement and 

other inorganic binders for liquid radwastes solidification and for closure of 

tanks and other radiation hazardous objects; 

looking for additives to cement which can strongly retain in cement 

matrixes the certain radionuclides (Cs-137, Sr-90, Tc-99, C129, Np.237); 

- investigation of radiationchemical processes taking place at cement 

mixtures irradiation to look up of the ways of decreasing of hydrogen 

generation. 

- 
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6.0 Attachment C 

Collecting, Reprocessing, Storage, and Conditioning Liquid 
Radioactive Waste - Safety Requirements 

Presentation by V. A. Starchenko 
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Gosatomnadzor of Russia 
Federal standards and regulations 
in the field of use of nuclear power 

Collecting, reprocessing, storage and conditioning 
of liquid radioactive waste. 

Safety requirements. 

HII-019-2000 

Put into effect E e since January 1,2001 $,ul 
e a  



i Purpose and area of application 

The present document establishes requirements for ensuring safety when collecting, 
reprocessing, storing and conditioning LRW at nuclear facilities, radiation sources, 
and nuclear materials, radioactive substances and RW storages. 

! I 

The present document doesn't apply to: 

substaqces ores and other minerals; 

ob j ects. 

i 

= treatment of LRW formed at production and enrichment of radioactive 

= handling of LRW accumulated in superficial reservoirs of nuclear fuel cycle 



I @, 

General safety requirements for collecting, reprocessing, conditioning and 
i storing of radioactive waste 
i 
t 

When establishing LRW quality criteria main characteristics of LRW, a container and LRW 
packing should be taken into account, 

LRW characteristics: 
, - chemical composition and phase status; 

- total activity; 
- radionuclide composition, specific alpha and beta activity. 

Characteristics of solidified LRW: 

Zement compound: 
- radionuclide composition, specific alpha and beta activity, equivalent dose rate; 
- water resistance; 
- mechanical strength; 
- radiation stability; 1 - thermal stability. 



LRW container characteristics: 
- corrosion stability, radiation stability, configuration - for a metal container; 
- density, porosity, water permeability, gas permeability, resistance to cold, radiation 

stability, resistance to microbes, mold and fungi, resistance to fire - for a ferroconcrete 
container. 

LRW packing characteristics: 
- radionuclide composition, alpha and beta activity, equivalent dose rate; 
- total activity; 
- homogeneity; 
- mechaqical strength (static, dynamic, impact loads); 
- resistance to heat loads and thermal cycles; 
- radiation stability. 



When collecting, repromsing, storing and conditioning of LRW the following potentialities 
should be excluded: 

sediments; 
- uncontrollable change of LRW state of aggregation, including formation of deposits and 

- uncontrollable occurrence of exothermic reactions; 
- uncontrollable f~rmation of corrosive substances. 

At collecting, reprocessing, storing and conditioning of LRW containing nuclear hazardous 
fission materials the opportunity of a self-supporting chain reaction occurrence. 

Collecting, reprocessing, storing and conditioning of LRW together with not radioactive waste 
are not authorized. 



Safety requirements for liquid radioactive waste collecting 

LRW collecting should be carried out separately depending on the following: 
- radionuclides half-life period (less than 15 days, more than 15 days); 
- specific activity; 
- conceiitration of alpha aciive radioiiuclides; 
- chemical composition; 
- phase composition; 
- prospective reprocessing method. 

Organic dadgerously explosive and fire hazardous LRW should be collected separately from 
other types of LRW. 
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Safety requirements to liquid radioactive waste reprocessing 

LRW reprocessing should provide purification of LRW liquid phase and radionuclides 
concentrating in smaller volume. 

Complete dehydration of high-salt aqueous LRW solutions is not allowed in the case of 
possible exothermic interaction of components of the LRW dry residue. 

I 
I 
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Safety requirements for liquid radioactive waste storing 

Premises intended for accommodation of capacities for LRW storing should have not less than 
three-layer waterproofing and facing from corrosion-proof steel. Volume of the reveted 
premise should contain all amount of LRW taking place in capacities. 

Control and observation chinks for earth waters sampling should be stipulated in the territory 
around of premises with capacities for LRW storing. 

Premises in wKich there are capacities for LRW storing should be provided with: 
- leakalarm; 
- leaks collection and recovery system; 
- ventilation; 
- radiation control; 
- means for decontamination. 



I 

- cement compound should have the following parameters of quality: 

Quality parameter 
Specific activity of compound 
Beta activity 
W&r resistance (leaching rate fov cesinrn-137 
and strontium-90) 
Mechanical strength 
(compression strength) 
Radiation stability 

Resistance to thermal cycles 

Water resistance 

Allowable values 
<3,740L0 Bq/kg (1-103 CVg) 
<3,7*107 Bq@ (l-lOd CVg) 

<10103 g/cm2day 

2 50 kg-force/cm2 
Mechanical strength not less than 
50 kg-force/cm2 after irradiation by 
the dose of lo6 Gy (10’rad) 
Mechanical strength not less than 
50 kg-force/cm2 after 30 cycles of 
freezing and defrosting 

Mechanical strength not less than 
50 kg-force/cm2 after 90-day 
immersion in water 

(-40 - +40 OC) 



Safety requirements for liquid radioactive waste solidification 
i 
I 
i 

rhe technological process of LRW solidification should provide reception of products with 
juality parameters established in the present document. Specific technical methods and means 
for LRW solidification are established and proved in nuclear facility, radiation source and 
i t  or age designs. 

The LRW solidification process should be fire- and explosion-proof and not be followed by 
: formation of significant amount of secondary radioactive waste. 

During LRW solidification using the method of cementation the following basic requirements 
should be carried out: 

- the cementation facility should be in a separate premise supplied with ventilation system; 
- the used inorganic binders (cement, Portland cement, slag Portland cement and others) 

should provide quality of a cement matrix according the requirements of the present g 
3 document; P 

- LRW containing substances cooperating with cement with formation of toxic substances 3 s 

f I 1 

i 

(for example, ammonium salts) can not be included in a cement matrix; 



Safety requirements for liquid radioactive waste conditioning 

LRW conditioning should provide LRW reduction into forms suitable for the subsequent 
transportation, storing and (or) burial. 

Corrditiorirzd radioach e b+ ask yachge dioulcl be free of: 
- strong oxidizers and chemically unstable substances; 
- corrosive substances; 
- poisonous, pathogenic and infectious substances; 
- biologically active substances; 
- highly inflammable, dangerously explosive and fire hazardous substances; 
- substances entering in exothermic interaction with water followed by explosion; 
- substances containing or capable to generate toxic gases, fumes or sublimates; 
- liquid contents in the radioactive waste package should not exceed 3%. 

$ 
rA 

Radioactive waste containers and packages intended for long-term storing and (or) burial are 
w subject for obligatory certification. ? 
? 
ff 
& 
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